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Abstract: Somatosensory discrimination of cuboid objects was studied in a group of healthy volunteers and
patients with Parkinson’s disease using regional cerebral blood flow (rCBF) measurements obtained with
positron emission tomography (PET) and 15O labeled water [H2

15O]. A 6-[18F]-fluoro-L-dopa (FDOPA) PET
scan demonstrated that the patients may be grouped into those with normal and those with abnormally low
FDOPA uptake in the caudate nucleus. The categorical group comparisons revealed that task-induced rCBF
increases were deficient in bilateral motor and sensory cortical areas in the Parkinson patients. Moreover,
deficient rCBF increases were evident in the mesial and right dorsolateral prefrontal cortex for patients in a
more advanced disease state, who showed low FDOPA uptake in the caudate nucleus. A principal component
analysis (PCA), performed on the rCBF data, identified three patterns (principal components, PCs) that
differentiated patients from normals. The first PC represented a right-hemisphere dominant, bilateral group of
brain areas known to be involved in tactile exploration. A second PC reflected a cortical-subcortical pattern of
functional interactions, comprising cortical areas important for working memory processes. The third group-
differentiating PC revealed a pattern of functional interactions involving bilateral temporo-parieto-occipital
association cortices, which was consistent with a hypothesized supramodal network necessary for object
discrimination. In an additional subgroup analysis, greater expression of the third PC pattern predicted greater
caudate FDOPA uptake in patients. Our neuroimaging data revealed a disturbance of distinct patterns of brain
functional interactions related to the sensorimotor deficit in Parkinson’s disease and to deficits of cognitive
information processing deficits in the more advanced stage of Parkinson’s disease. Hum. Brain Mapping 11:
131–145, 2000. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

Somatosensory discrimination of shape represents a
manual skill acquired in early infancy and later inte-
grated into daily activities [Ruff, 1984; Ledermann and
Klatzky, 1987]. It is also a natural task that is most
suitable for laboratory testing including PET [Roland
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and Mortensen 1987, Seitz et al., 1991]. The motor activ-
ity of this task can be assessed accurately because the
kinematics of shape discrimination have been character-
ized by Seitz et al. [1991] and Kunesch et al. [1989].
Similarly, sampling of somatosensory information by
tactile exploration has been described and elaborated in
a model of sensory information processing [Roland and
Mortensen, 1987]. Finally, the cognitive ability to com-
pare the extracted information as well as to discriminate
among the objects has been shown recently to be quan-
titatively measurable [Weder et al., 1998]. Hence, in ad-
dition to explicit motor-related processes, higher-order
information processing functions can be assessed sepa-
rately during sensorimotor discrimination.

The brain regions involved in sensorimotorrelated in-
formation processing have been identified using func-
tional neuroimaging techniques to measure regional ce-
rebral blood flow (rCBF) in normal subjects during
performance of the aforementioned task [Boecker et al.,
1996; Seitz et al., 1991]. The normal pattern of activation
involves both cortical (e.g., primary motor, premotor,
SMA, somatosensory, superior parietal cortex) and sub-
cortical (e.g., cerebellum, putamen) regions. Deviations
from this normal pattern were found in patients who
had recovered motor function following striatocapsular
and cortical infarctions. Observed in the patients were
reduced activations in cortical areas, enhanced premotor
activations, and abnormal contralesional activations
[Weder et al., 1994; Weder and Seitz, 1994; Seitz et al.,
1998]. This abnormal functional pattern was considered
to reflect a recovery-related reorganization of pathways
that subserve sensorimotor processing.

Parkinson’s disease is fundamentally a motor-re-
lated disorder [Marsden, 1982]. Recently we reported
an impairment of somatosensory discrimination abil-
ities in a group of Parkinson’s patients [Weder et al.,
1998]. The progression of dopaminergic degenerative
processes in Parkinson’s disease appears to be charac-
terized by a temporally dependent disorder of subcor-
tical structures. That is, dopamine metabolism within
the putamen is affected in the early stages of the
disease, while abnormalities involving the caudate nu-
cleus occur later, and with less regularity [Nahmias et
al., 1985; Leenders et al., 1990]. Both structures func-
tion as relay nodes for cortical-subcortical circuits,
including sensorimotor and dorsolateral-prefrontal
loops [Alexander et al., 1986]. Thus, disruption of and
mutual interference between distinct subcortical and
cortical areas have been suggested to occur during the
course of Parkinson’s disease [Stam et al., 1993]. This
suggests that specific cortical-subcortical networks
presumed to subserve somatosensory discrimination
may be dysfunctional in Parkinson’s disease.

As is now widely acknowledged, functionally re-
lated changes in the complex networks of the human
brain cannot be assessed by categorical comparisons
of functional imaging data [Buechel and Friston, 1997;
Jobson, 1992; Friston et al., 1995]. Thus, a variety of
complementary statistical methods have been utilized
to assess distributed changes in patterns of brain acti-
vation [Horwitz et al., 1991; McIntosh and Gonzalez-
Lima, 1991; Friston et al., 1993a, 1993b]. Included
among such methods are those requiring a priori mod-
eling assumptions—such as path analysis [Buechel
and Friston, 1997; Friston et al., 1993a; McIntosh et al.,
1994]—and those that are fundamentally exploratory
in nature—such as principal component analysis
(PCA) [Alexander and Moeller, 1994; Friston et al.,
1993b; Azari et al., 1999; Seitz et al., 1999]. Both ap-
proaches have contributed substantially to studies of
disease-related changes in patterns of functional con-
nectivity. A recent path analysis of PET-rCBF data in
Parkinson’s disease patients defined a disease-specific
functional network of connectivity between the thala-
mus and mesial frontal motor areas and indicated
additionally that the changes thereof were related to
disease severity [Grafton et al., 1994].

The aim of the current project was to examine the
pattern of regional cerebral activations associated with
the performance of a somatosensory discrimination task
in Parkinson’s disease. We hypothesized that segregated
networks of cortical areas and distinct subcortical relay
nodes related to motor, tactile, and somatosensory dis-
crimination, respectively, would be substantially differ-
ent in Parkinson’s patients than those in healthy normal
individuals. Further, we predicted that those patients in
the later stages of the disease—those demonstrating the
most severe abnormalities in subcortical dopamine me-
tabolism—should show the most profound deficits in
sensorimotor discrimination abilities, as well as a corre-
sponding and distinctly abnormal pattern of cerebral
activations. Because we did not want to restrict analysis
of the PET-rCBF data with a priori assumptions, we
supplemented a categorical analysis of the imaging data
with a PCA. In order to determine the stage of the
disease in Parkinson patients, we evaluated 6-[18F]-
fluoro-L-dopa (FDOPA) tracer metabolism in the basal
ganglia of the patients.

SUBJECTS AND METHODS

Subjects

Subjects consisted of 12 patients with Parkinson’s
disease (4 F, 8 M; age range: 41–66) and 12 healthy
adults (6 F, 6 M; age range: 32–64). Magnetic reso-

r Weder et al. r

r 132 r



nance (MR) images of the brain were normal for all
subjects, and dementia was excluded by the Mini
Mental Status Scale (individual scores . 26) [Folstein
et al., 1975]. Participants were right-handed, as as-
sessed by the Edinburgh Handedness Inventory [Old-
field, 1971]. They were informed of the purpose of the
study and written informed consent was obtained in
accordance with guidelines of the Declaration of Hu-
man Rights, Helsinki, 1975. The study was approved
by the Ethics Committee of the Kantonsspital St. Gallen.

The healthy adult volunteers were free of neurolog-
ical, psychiatric, and medical disorders. All patients
had been treated with L-dopa (average daily dosage:
733 mg) and responded to levodopa therapy. The
therapy was supplemented in five cases with bro-
mocriptine (average daily dosage: 8 mg). We applied
selected diagnostic criteria for Parkinsonism accord-
ing to Quinn and Husain [1986]: asymmetrical onset,
no atypical features and no possible etiology for an-
other Parkinson syndrome, in order to enhance spec-
ificity [Hughes et al., 1992]. Patients were assessed
using the 4-component Unified Parkinson’s Disease
Rating Scale (UPDRS) [Martinez-Martin et al., 1994].
The total UPDRS score of the patients as a group was
41.1 614.7 (Mean 1 SD, maximum possible: 147).
Specific clinical manifestations of the disease resulted
in increased mean scores in the four components of
the UPDRS. Detailed clinical data on the patients are
shown in Table I.

Methods

Stimulation paradigm

Subjects were scanned using PET twice: while lying
quietly on the scanner bed with eyes closed (REST)
and during performance of a somatosensory discrim-
ination task (SSD). Details of the tactile discrimination

task have been published previously [Roland and
Mortensen, 1987; Seitz et al., 1991]. In brief, subjects
were sequentially presented with cuboids in an alter-
native forced-choice paradigm. They were instructed
to evaluate the objects by exploratory finger move-
ments of the right hand only, during which time their
eyes were covered with cotton wool pads. The objects
varied only in oblongness [Roland, 1975]. Differences
of the major axes ranged from 0.44 to 5.01 mm, and the
square bases varied from 0.17 to 1 mm. Subjects were
asked to determine, by tactile manipulation, which of
two sequentially examined objects was the most ob-
long. They were instructed to indicate whether the
second object was more oblong by extending the
thumb of the right hand. If the second object was not
judged to be the more oblong of the pair, the subject
was required to stop exploration in order to receive
the first object of the next pair. The exploration strat-
egy was freely chosen. Finger movements and the
subjects’ responses were videotaped for later evalua-
tion. On the day of the PET scan, early morning med-
ication was withheld from the patients. On average,
medication was withdrawn for 15.7 hr (range: 14 to 18).

rCBF PET scanning

The subjects rested supine on the bed of the PET
scanner. The head of each subject was fixed by an
individually moulded head holder. For tracer applica-
tion, a plastic catheter was placed into the left brachial
vein. Eyes were covered by cotton wool pads, and
speech was prohibited. Scans were performed using
the SIEMENS-CTI ECAT 933-04/16 PET-camera (Sie-
mens Knoxville, Tennessee), which allows the simul-
taneous recording of seven transverse slices of the
brain with a spatial resolution of 8 mm within and
between planes. Planes were aligned parallel to the
orbito-meatal line. Cranial and caudal slices were ob-

TABLE I. Clinical data of patients†

Group

Duration of
disease1

(mean 6 SD yrs)

UPDRS-Score2 FDOPA-uptake (Kc)3

Total I II III IV Putamen Nc.caud.
(mean 6 SD) (mean 6 SD)

All patients (N 5 12) 7.7 6 4.1 36.7 6 19.3 2.6 6 1.7 15.7 6 7.6 16.5 6 6.0 6.3 6 5.4 0.00437 6 0.00188 0.00729 6 0.00178
Subgroup A (N 5 5) 4.6 6 2.2 19.0 6 10.5 1.6 6 1.7 9.8 6 3.8 15.6 6 4.7 2.6 6 5.0 0.00544 6 0.00243 0.00905 6 0.00072
Subgroup B (N 5 7) 9.9* 6 4.4 49.3* 6 12.7 3.3 6 1.4 19.9* 6 6.9 17.1 6 7.1 19.0* 6 4.9 0.00366 6 0.00105 0.00639* 6 0.00104
Normals (N 5 12) 0.00967 6 0.00078 0.01135 6 0.00115

† Comparison of subgroups A an B, *indicates significant differences in the unpaired, two-tailed t-test.
1 Duration of disease: P , .05.
2 Unified Parkinson’s disease rating scale, total: P , .01; 4 components: (I) Mentation, behavior and mood; (II) Activities of daily living: P ,
.05; (III) Motor examination; (IV) Complications of therapy: P , .05.
3 FDOPA-uptake in the caudate nucleus: P , .001.
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tained separately by longitudinal translation of the
bed and fused after consecutive acquisition into a
single data set of 14 contiguous slices, which covered
the brain from the dorsal part of the motor cortex
down to the cerebellar nuclei. After transmission scans
at each of the two positions, the rCBF scans were
performed as detailed in the following: the synthesis
of radiowater was carried out according to the guide-
lines described by Welch et al. [1969]. Following an
intravenous bolus injection of 5 ml of saline containing
20–30 mCi of oxygen-15-labeled water (H2

15O), rCBF
was calculated from the emission scan and blood data
acquired during the first 90 sec after arrival of radio-
activity in the brain, as indicated by a sudden increase
in the bank pair coincidence counting rate of the PET
system [Lammertsma et al., 1990]. Subjects began the
task exactly 60 sec before injection of the tracer. The
initial time for the study was always the actual time
tracer administration commenced. Arterial blood sam-
ples were drawn continuously via an indwelling intra-
arterial line in the radial artery and lead through a
plasma coincidence detector system placed next to the
gantry. These samples were weighted and counted in
a well counter to obtain 15O activity as cps/g blood,
corrected for physical decay from the time of injection
to the time of measurement. Planes were reconstructed
using filtered back projection with a Hann filter (0.5
Nyquist) resulting in a spatial resolution of 8 mm full
width at half maximum (FWHM) between and within
planes. A total of six scans were acquired for each sub-
ject: one data set consisting of 14 consecutive slices for
the resting condition (REST) and two data sets for the
activation condition (SSD). The two activation scans
were later averaged for further data analysis. The
order of conditions was pseudorandomized.

FDOPA-uptake PET scanning

The FDOPA-uptake PET scan was performed within 1
month after the rCBF PET scan. Since high amino-acid
levels may influence FDOPA uptake [Leenders et al.,
1985], subjects were fasting before examination, and
levodopa therapy and dopaminergic agents were with-
held from the patients overnight prior to the scan. One
hr before tracer examination, subjects were given a sin-
gle oral dose of 150 mg Carbidopa to inhibit peripheral
decarboxylation. FDOPA was delivered as an intrave-
nous bolus of 4–5 mCi (150–190 MBq). Brain FDOPA
uptake was measured with PET over a period of 2 hr.
Conditions during data acquisition were identical to
those of the rCBF PET scan. The head was positioned
such that the basal ganglia were in the centre of the field
of view of the camera.

Data analysis

SSD task performance

Motor aspects of the SSD task performance were
recorded on video during the rCBF-PET scanning ses-
sion. The video recordings yielded the rate of finger
movements, rate of object discrimination, and explo-
ration time of the object in the hand. Since the SSD task
possesses a binomial design (right answer 5 1, wrong
answer 5 0), we used a Bernoulli model and calcu-
lated the necessary parameters from the sample. Task
performance for each subject and major axis was ex-
pressed as the ratio between the number of correct
responses to the total number of trials at that major
axis difference. The observations in normals and pa-
tients were each approximated to a normal distribu-
tion for each difference, from which a 95% confidence
interval could be determined. Logistic regression was
used to describe the relationship between the propor-
tion of correct discriminations, Rc, and the differences
in major axis of the cuboids (Dl)1 [Weder et al., 1998].
The regression curves indicated an Rc of 0.5 in the case
of equal major axes (i.e., chance response) and ap-
proached asymptotically the value of 1.0 as the differ-
ence in major axes within a pair increased. Above the
critical threshold of approximately 2 mm of major axis
difference, the proportion of correct discriminations
Rc in normal subjects reaches 0.75 [Weder et al., 1998].
The regression coefficient obtained, d1, described the
relation between Rc and the differences between the
objects examined in the task. One index was calculated
for each subject. Since the discrimination index, d1,
provided an estimate of conscious perception in an
individual, it was taken as a sensitive measure of the
non-motor, information processing aspects of SSD task
performance [Weder et al., 1998]. The video data, pro-
portion of correct answers for tasks in which the major
axis difference exceeded the critical threshold of 2 mm,
and discrimination index d1 are summarized in Table II
according to patient groups and normal subjects. They
constituted the basis for pairwise comparisions, for
which P , 0.05 served as the level of significance.

rCBF PET—spatial normalization

The rCBF images were spatially standardised as
detailed elsewhere [Seitz et al., 1990; Weder et al.,

1Rc 5
1

1 1 e 2 ~d0 1 d1*D1! ~equation 1!; d050 as shown by testing

statistical hypothesis
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1994] using the Computerized Brain Atlas (CBA) pro-
gram [Thurfjell et al., 1995]. Standardization yields 21
axial image slices consisting of matrices of 128 3 128
voxels, each of 2.55 3 2.55 3 6.43 mm. It is accurate
within 3 mm for the brain surface. Coordinates of the
CBA can be translated into the stereotaxic space of
Talairach [1988], as the spatial dimensions of the atlas
standard brain and the orientation of its intercommis-
sural line have been determined.

rCBF PET—categorical comparisons

The spatially standardised scans, obtained at rest and
during somatosensory discrimination, were normalized
by proportional scaling to a global CBF of 50 ml/100g/
min. This procedure reduces intersubject variability of
the image data and has been shown to be useful for PET
image analysis [Mcintosh et al., 1996] of H2O studies.
rCBF differences between rest and activation states were
analyzed by testing pixel by pixel the hypothesis of a
mean difference in paired design. The activation states of
the patient group and subgroups (see below) were com-
pared pixel by pixel with those of normal volunteers
using the hypothesis test for the difference between in-
dependent means. Activations were thresholded at un-
corrected t-values corresponding to P , 0.01 and cor-
rected using cluster analysis to account for the resolution
of the PET camera [Wunderlich et al., 1997]. Significant
activations were localized with the data bank of the
computerized brain atlas system (CBA) mentioned
above [Greitz et al., 1990; Thurfjell et al., 1995] and su-
perimposed onto a standardized MR-imaging atlas.

rCBF PET—principal component analysis (PCA)

A PCA was applied to the rCBF data of the patients
and controls after a double normalization across
groups and conditions [Alexander and Moeller, 1994;

Azari et al., 1999; Seitz et al., 1999]. That is, residual
variance was decomposed into orthogonal PCAs after
subtraction of individual image and global voxel
means. This procedure equalizes both for subject and
scan effects. Specifically, the PCAs were calculated on
a voxel basis and overall individuals and conditions,
since we were interested in differences with respect to
the SSD task. Subject scores were used to test the
hypothesis that the functional patterns (i.e., PCs) were
differentially expressed between groups and condi-
tions (t-tests, significance P , 0.05). Thus, t-tests reflect
the separation of the study population into clusters.
The study design was explorative, i.e., without a priori
restrictions. Note that because we were especially in-
terested in Parkinson disease-related brain functional
abnormalities, only those PCs that revealed group
differences between normal volunteers and patients
were considered for further analysis. Brain areas con-
stituting the group-differentiating PCs were identified
by the PC-loading factor, as the PC-load represented
the correlation of each brain voxel with a PC. PC
loadings were displayed on a pseudocolor scale allow-
ing for the localization of coactivating regions in ste-
reotaxic coordinates. In these images each of the PC
loadings was thresholded at u0.5 u , which allowed
the PC pattern to merge with the anatomy of high-
resolution MR images. Coordinates indicated in Ta-
bles III and IV correspond to the centre of gravity of
the delineated regions with high correlation to a
given PC.

FDOPA uptake

A graphical analysis method using a ROI in the
occipital lobe as a reference region yielded the
FDOPA-uptake rate constants, Kc, for the caudate nu-
cleus and putamen as slopes of tissue slope-intercept
plots between 30 and 90 min [Antonini et al., 1995;

TABLE II. External behavioural measures

Group
Thumb movement/sec

(mean 6 SD)

Discrimination
frequency

(pairs/min)

Exploration time
per pair (sec)
(mean 6 SD)

Right answer
proportion (95% C.I.)

Coefficient d1

(mean 6 SD)

All patients (N 5 12) 1.4 6 0.28* 5.4 6 1.7 8.4 6 3.8 0.79 (0.75–0.83)** 0.39 6 0.22*
Subgroup A (N 5 5) 1.3 6 0.23* 5.3 6 1.5 8.8 6 2.8 0.85 (0.78–0.90)**/& 0.51 6 0.17
Subgroup B (N 5 7) 1.5 6 0.28* 5.6 6 1.8 8.2 6 4.6 0.75 (0.70–0.81)**$ 0.30 6 0.22***
Normals (N 5 12) 2.1 6 0.4 6.2 6 1.7 7.6 6 3.1 0.95 (0.93–0.96)&& 0.67 6 0.19

Comparison of normal volunteers and patients at *P , .01 and at ***P , .001 (unpaired, two-tailed t-test)
Comparison of normal volunteers and patients at **P , .001 (z-approximation) with respect to object differences above the critical threshold;
and significant impairment of subgroup B compared to subgroup A at $P , .05
SSD performance significantly different from threshold score of 0.75 at && , .0001 and at & , .05 by one sample t-test.
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Patlak and Blasberg, 1985]. Twelve normal volunteers
(age range: 50–60) provided reference ranges of up-
take values for the caudate nucleus: 0.0086–0.0128 and
for the putamen: 0.0082– 0.011, which defined the
crucial lower limits.

Results

FDOPA uptake

Table I summarizes the clinical profile of the Parkin-
son patients as well as the FDOPA-uptake values. As a
group, the patients showed significantly decreased mean
FDOPA-uptake rate constants in both the caudate (P ,
0.0001; unpaired, two-tailed t-test) and putamen (P ,
0.0001) compared to normals. FDOPA uptake in the
caudate nucleus distinguished two subgroups of pa-
tients: subgroup A, demonstrating uptake in the lower
range of normal volunteers, and subgroup B, showing
abnormally low uptake. Uptake in the putamen was
abnormally low in both subgroups; no individual rate
constant occurred in the normal range. The reduction
relative to subgroup A evident in subgroup B is not
significant. Additional features of subgroup B were du-
ration of disease and UPDRS scores. Disease duration
was significantly longer in subgroup B: an average of 9.9
years vs. 4.6 years, and subgroup B was more severely
impaired than subgroup A according to total UPDRS-
score and its components: activities of daily living and
complications of therapy.

The subgroups consist of five subjects with normal
and seven subjects with low uptake in the caudate nu-
cleus. Accordingly, we assigned Fisher indicators of
-7/12 and 5/12, respectively, to the members of a sub-
group. Analysis of the indicators yielded the results de-
tailed in the footnote2. Thus, the FDOPA uptake in the
caudate nucleus, KcCN, had an essential influence on
the hypothesized categorization, whereas the effect of
the putamen uptake was weak. The FDOPA uptake in
the caudate nucleus support a simple linear regression
function for the calculation of the Fisher indicator (Find):
Find 5 1.83 - 250.98 * KcCN. The exclusion of a possible
outlier did not alter the results significantly.

Finally, we performed quality control of subgroup
measurements, i.e., statistical process control, in order to
assess the significance of FDOPA uptake in the caudate

nucleus compared to the other subgroup differences
listed in Table I: duration of disease and components II
and IV of the UPDRS-scale. Calculating Xbar subgroup
mean charts [Abacus Concepts, 1996], we showed that
only the subgroup means for FDOPA uptake in the
caudate nucleus, both of subgroup A and B, exceeded
the 3s-confidence limit. A conservative estimate of the
probability that at least one of two subgroup means will
exceed the control limits of the four factors tested is P
0.0027*2 ' 0.005. From this point of view, FDOPA up-
take in the caudate had the most important grouping
effect in the obtained external measures.

SSD task performance

Table 2 shows that, consistent with earlier experi-
ments, the Parkinson patients demonstrated slower
thumb movements than the normal subjects. How-
ever, the frequency of thumb movements implied that
motor behavior was identical in the patients sub-
groups. Of all the pairs of parallelepipeds tested, the
total number of correct discriminations was 63% in the
patients and 73% in the normal volunteers. Most im-
portant, dedicated statistical testing [Weder et al.,
1998, 1999] evidenced no age effects on the somato-
sensory discrimination performance in these groups of
subjects. The exploration rate per pair of objects fell in
the same range for all groups and subgroups. Thus,
differences in the exposition times of the cuboids
caused no decision bias. The conditions were also
identical regarding the exposition time of object 1 and
object 2. Analysis of the SSD results by partitioning
showed that performance in consecutive sessions dif-
fered only by chance (see also Weder et al., 1998).

Groups and subgroups differed significantly from
each other in the proportion of right answers accord-
ing to the z-test for proportions. Furthermore, for dif-
ferences exceeding the critical threshold of 2 mm in
the major axis [Weder et al., 1998], the normal volun-
teers and subgroup A achieved proportions of right
answers, Rc, exceeding 0.75 with probabilities P
# 0.001 and # 0.05, respectively, using one sample
analysis. In contrast, subgroup B recognized these dif-
ferences only at a threshold level. Thus, information
was perceived explicitly only by the normal volun-
teers and, to a lesser degree, by subgroup A, but not
by subgroup B. This deficit is also reflected by a se-
verely low index d1 in subgroup B (Table II).

rCBF PET—categorical comparisons

Table III and Figures 1 and 2 show that increases of
rCBF activation in several areas were significantly de-

2Effect Coefficient
Std

Error
Std

Coeff t
p

(two-tailed)
Constant 1.830 0.356 0.000 5.14 0.001
Putamen 3.207 54.224 0.012 0.059 0.954
Caudate 2252.906 57.593 20.876 24.391 0.002
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creased in patients relative to normal subjects. Specifi-
cally, the patients demonstrated deficient activation in
the sensorimotor cortex contralateral to the exploring
right hand, in the premotor area (G. frontalis med.), the
supplementary motor area (SMA: G. frontalis sup.), and
bilaterally in the parietal lobule. Bilateral activation in
the putamen was slightly, but insignificantly, dimin-
ished. In contrast, the patients showed stronger activa-
tions in the right occipito-temporal gyrus, left dentate
nucleus, and right lobulus semilunaris. In addition, the
patients of subgroup B with abnormally low FDOPA
uptake in the caudate showed deficient activation of the
right dorsolateral prefrontal and bilateral mesial frontal
cortices with respect to subgroup A.

rCBF PET—principal component analysis (PCA)

A total of 12 PCs explained 70% of the variance in the
data. Patients differed significantly from normals in PC1
(12% of the variance), PC7 (4.7%), and PC11 (3.1%) as
assessed by uncorrected t-tests detailed in Table IV. Fig-
ure 3 summarizes the PCA group-differentiating pat-
terns. The functional pattern exhibited by PC1 differen-
tiated normal volunteers from patients in the REST
condition (Figure 3A,B). Table IV shows the dominant
constituent brain regions of PC1. Brain areas showing
positive load values include cortical regions known to
participate in tactile exploration such as the motor hand
area and premotor cortex. In general, there was greater
right- than left-hemisphere involvement in the PC1 pat-
tern; the greater participation of the right-hemisphere is

evident in Figure 3A. The left hippocampal gyrus, and
bilateral inferior and superior semilunar lobulus at the
cerebellar level, showed negative loadings.

The PC7 pattern differentiated normal volunteers
from patients in the SSD task condition (Figure 3C, D).
As shown in Table 4, the dominant constituent regions
and corresponding load values for PC7 described pre-
dominantly positive cortical-subcortical functional in-
terrelations (e.g., right dorsolateral prefrontal with
right medio-dorsal thalamus). A negative loading was
obtained only for a right superior occipital area. Note
that the caudate nucleus was not identified as a con-
stituent area of the PC7 pattern.

The pattern PC11 distinguished normal volunteers
from patients in both the REST and SSD task condi-
tions (Figure 3E,F). Additional subgroup analysis re-
vealed that this group separation was mainly due to
high expression of PC11 by subgroup A. Dominant
constituent brain areas of PC11 presented positive
loads in left angular gyrus, right medial occipito-tem-
poral gyrus and negative loads in the left superior
temporal gyrus, right medial frontal gyrus (Table IV).

DISCUSSION

Somatosensory discrimination impairment

Consistent with our prior studies, we demonstrate
here that somatosensory discrimination was signif-
icantly impaired in patients with Parkinson’s dis-
ease compared to normal volunteers. We also report

TABLE III. Significant abnormalities in rCBF-increases for
Parkinson patients

All patients (N 5 12) Side(s) Coordinates1
Comparison
to controls

Motor hand area left 244/218/45 2
Sensory hand area left 247/227/44 2
G. frontalis med. both sides 30/0/53 and

228/0/53
2

G. frontalis sup. both sides 5/2/53 and
24/3/53

2

Lob. parietalis sup. both sides 32/241/44 and
230/255/43

2

Nc. dentatus left 211/255/221 1
Lob. semilunaris right 29/280/222 1
G. occipitotemp. lat. right 13/281/26 1
Subgroup B (N 5 7)
Dorso-lat. prefrontal2 right 31/30/29 2
Mesial frontal both sides 0/35/29 2

1 Stereotaxic coordinates according to Talairach and Tournoux (1988).
2 Brodmann area 46 and 9.
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that during performance of the somatosensory dis-
crimination (SSD) task, the Parkinson patients
showed deficient rCBF activations in the sensorimo-
tor cortex, contralateral to the exploring hand, bilat-
erally in the premotor area (G. frontalis med.), in the
supplementary motor area (SMA: G. frontalis sup.)
and in the parietal lobule, and abnormally increased

activation in the cerebellum. Further, those patients
with low levels of FDOPA uptake in the caudate
nucleus showed additional activation deficits in the
prefrontal cortex. A principal component analysis
(PCA) of the rCBF data revealed three principal
components (PCs) that differentiated the patients
from normal subjects. We associate with each PC a
pattern of functional interaction in the brain. The
systems characterized by these three group-differ-
entiating patterns may correspond to three pro-
cesses hypothesized to subserve somatosensory dis-
crimination which are disrupted in Parkinson’s
disease, namely, explicit tactile information sam-
pling [Curran and Keele, 1993], working memory
[Baddeley, 1986; Goldmann-Rakic, 1989], and final
shape discrimination [Roland, 1993].

Motor behaviour of the patients was characterized
by reduced motor speed, as shown by the reduced
movement rate of the thumb. Thus, information
sampling and consecutive data processing were im-
paired in the Parkinson patients, which is character-
istic for this disorder [Marsden, 1982]. We suggest
that this impaired motor component correspond to
the observed deficient activation in the sensorimo-
tor cortex of the patients (Table III). However, in
Parkinson’s disease, adequacy of motor behaviour
may not be judged exclusively according to move-
ment frequency. In fact, individuals with milder
disease explored the cuboids with slightly slower

Figure 1.
Integrated PET/MR-images showing the anatomical location of
significant mean rCBF increases in normal volunteers (hypothesis
test for the mean difference in paired design; A, B), and the
deficient activations in the patients with Parkinson’s disease in
relation to normals (hypothesis test for the difference between
independent means; C, D). Activations in normal volunteers in-
volved motor and sensory hand area, contralateral to the explor-
ing hand, premotor cortex, supplementary motor area, superior
parietal lobulus, on both sides (A) and right dorsolateral prefrontal
cortex (B). Deficient activations in the Parkinson patients were at
sensorimotor cortices on both sides (C), and in the Parkinson
subgroup B in the right dorsolateral prefrontal and the mesial
frontal cortex (D). Anatomical details are given by T1-weighted,
high resolution MR-images of the atlas standard brain. View is from
below so that the right hemisphere is seen on the left. Thresh-
olding and correction by cluster analysis, see method section, i.e.,
rCBF PET—categorical comparison.

Figure 2.
Deficient activations in Parkinson subgroup B affecting right dor-
solateral prefrontal cortex (A,B) and mesial frontal cortex (A) as
delimited in coronal and sagittal reconstructions. Note location of
inferior frontal sulcus (indicated by an asterisk).
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movements (Table II), but it cannot be excluded that
the spatial accuracy of their movements was better
adapted to the task requirements of somatosensory
discrimination [Teasdale et al., 1990]. Conversely,
the reported overactivation of the lateral premotor
and inferior parietal association cortex in Parkin-
son’s disease indicated an orchestrated involvement
of the lateral premotor-parietal cortex circuitry for
demanding sequential and bilateral movements
[Samuel et al., 1997]. The abnormally increased ac-
tivation in the posterior cerebellum of the patients
may be related to compensatory mechanisms of
adapting to impaired performance of exploration.
The cerebellum has been shown to play an important
role in motor learning and is overactive in Parkinson’s
disease [Friston et al., 1992; Rascol et al., 1997].

Abnormal FDOPA uptake in caudate nucleus

The two subgroups of Parkinson patients in this
study were classified on the basis of differential

FDOPA uptake in the caudate nucleus: subgroup A
exhibiting normal uptake and subgroup B abnormally
low uptake. In contrast, these two subgroups did not
show differing FDOPA uptake in the putamen. Both
Nahmias et al. [1985] and Leenders et al. [1990] have
reported on the later involvement of the caudate dur-
ing the advanced evolution of the dopaminergic de-
generative process in Parkinson’s disease. We cannot
exclude minor changes in the caudate nucleus in sub-
group A patients; however, they were in rather early
stages of the disease and their uptake fell within the
range of normal volunteers. Subgroup B patients with
low caudate FDOPA uptake were in more advanced
stages of Parkinson’s disease, as evidenced by their
considerably longer disease duration and the higher
UPDRS scores (Table I). The two subgroups of patients
had identical motor behaviour during performance of
the somatosensory discrimination task as revealed by
analysis of movements of the thumb, the most active
and important finger in tactile exploration [Seitz et al.,
1991]. Yet the subgroup B patients performed more

Figure 3.
Interrelated areas of PC1, PC7, and PC11, thresholded at PC-
loading 0.5 and integrated in high resolution MR-images of the
CBA. The constituent brain areas of PC1 were sensorimotor
cortices, predominantly of the right hemisphere, lobulus parietalis
superior and precuneus of both hemispheres (A), and the retro-

insular/parietal operculum complex of the left hemisphere (B).
Right dorsolateral prefrontal cortex, mesial frontal cortex (C),
and medio-dorsal thalamus (D) were identified as the constituent
areas of PC7. Constituent brain areas of PC11 were posterior
cingulate cortex (E) and left posterior angular sector (F).
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poorly on the nonmotor, discriminative aspects of the
task (Table II). Others have demonstrated that patients
with lesions restricted to primary motor, supplemen-
tary motor, and premotor areas show disturbances in
exploratory finger movements but not in shape dis-
crimination [Freund, 1987; Roland, 1987]. Indeed, in
addition to explicit motor-related sequential sampling
of the objects, somatosensory discrimination is pre-
sumed to require focused attention as a precondition
for working memory processes [Roland and
Mortensen, 1987; Seitz et al., 1991]. That is, subjects
must attend to the object explored as well as retain
and retrieve information about the object subsequent
to sequential sampling in order to make a final dis-

crimination. Given our current findings, we suggest
that these cognitive deficits may be characteristic of
later stages of Parkinson’s disease. We thereby sub-
stantiate an earlier study in which we showed that low
FDOPA uptake in the caudate nucleus was associated
with impaired somatosensory discrimination in ad-
vanced Parkinson’s disease [Weder et al., 1999].

Since the separation of our Parkinson’s disease co-
hort into two subgroups was so crucial to this study
and represented a finding per se, we reevaluated this
categorization into normal and low-uptake groups. In
addition to the categorical comparison, we performed
discriminant analysis based on Fisher weights to per-
mit exploration using regression functions. It became

TABLE IV. Groups differentiating principal components (PCs)

PC
Core areas anatomical

name

Coordinates1

PC
loads Group differences2

Suggested functional
correlate, brain
system, patternRight Left

PC1 Motor hand area 36/216/51 1 Norm-rest vs. patients-
rest (P , .05)

Sensorimotor control

Sensory hand area 31/232/50 1
Premotor area 36/0/46 1
Suppl. motor area 7/4/53 1
Lobulus parietalis

superior
30/256/49 222/258/48 1

Precuneus 8/252/43 24/245/43 1
Parietal operculum 245/224/19 1
Posterior cingulate gyrus 21/235/37 1
Uncus gyri hippocampi 12/22/225 217/27/225 2
Semilunar lobulus 29/270/228 224/271/228 2

PC7 Dorsolateral prefrontal 46/23/22 1 Norm-act vs. patients-
act (P , .02)

Working memory

Mesial frontal 1/45/23 1
Medial temporal gyrus 50/256/6 1
Insular cortex 46/29/12 1
Med. occipito-temporal g. 25/280/5 1
Thalamus, medial-dorsal 2/214/8 1
Superior occipital gyrus 18/274/6 2

PC11 Posterior cingulate gyrus 25/264/11 1 Patients-rest vs. norm-
rest (P , .02)

Comparative feature
discrimination

Angular gyrus 260/255/26 1 Patients-act vs. norm-
act (P , .01)

Med. occipito-temporal g. 8/292/21 1 Subgroup A-rest vs.
norm-rest (P , .02)

Superior temporal gyrus 60/242/7 2 Subgroup A-act vs.
norm-act (P , .01)

Medial frontal gyrus 32/18/34 2
Superior temporal gyrus 252/224/1 2
Nucleus ruber 2/226/23 2

1 Acc. to Talairach and Tournoux (1988).
2 Normal volunteers in rest and activation state, norm-rest and norm-act; patients in rest and activation state, patients-rest and patients-act;
patients with normal FDOPA uptake in caudate nucleus, subgroup A; groups with higher expression of PC were indicated first.
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evident that the hypothesized clustering depended
exclusively on FDOPA uptake in the caudate nucleus,
whereas the influence of uptake in the putamen was
negligible. From a neuropathological point of view,
motor deficits do not become manifest clinically until
70–90% of dopaminergic neurons in the putamen
have been denervated [Agid et al., 1987], implying the
long-lasting asymptomatic course of Parkinson’s dis-
ease. Accordingly, a relatively preserved FDOPA up-
take in the caudate nucleus might permit prolonged
compensation of nonmotor, i.e., neurocognitive, defi-
cits in Parkinson’s disease. In this cross-sectional
study, the subgroups evidenced a qualitative decline
during the progressive degenerative process rather
than a continuum of mild to severe disease. Thus, we
feel there was a firm neurobiological basis to analyse
the patients as distinct subgroups.

The fact that the two patient subgroups, i.e., those
with normal and those with low caudate FDOPA up-
take, demonstrated differential performance on the
SSD task suggests that the caudate plays an important
role in somatosensory object discrimination. The head
of the caudate nucleus is a relay node of a dorsolateral
prefrontal cortical-subcortical circuit [Alexander et al.,
1986]. Thus, the dorsolateral prefrontal cortex is func-
tionally vulnerable to caudate abnormalities. A multi-
tude of functions has been associated with activation
of the granular prefrontal cortex including informa-
tion recognition and retrieval, cognitive learning [Ro-
land, 1993], and high-level planning [Owen et al.,
1996]. An additional such function is reportedly work-
ing memory, responsible for holding spatial informa-
tion on-line [Baddeley, 1986; Goldmann-Rakic, 1989].
Functional impairments involving the dorsolateral
prefrontal cortex are likely, therefore, to disrupt infor-
mation processing related to working memory
[Fletcher et al., 1997]. Since, as we discussed above, the
sensorimotor impairment was identical in the two pa-
tient subgroups, the observed somatosensory discrim-
ination deficits in the subgroup with low FDOPA up-
take was probably due to abnormal outflow from the
caudate nucleus to prefrontal cortex [Doyon et al.,
1998].

Deficient right prefrontal activation

The hypothesis is supported by our current results
that show a deficient prefrontal cortical activation se-
lective for the right hemisphere in the Parkinson pa-
tient subgroup B (Table III). Recent studies suggest
that the prefrontal cortex of the right hemisphere is
specialized for information retrieval from episodic
memory, while the left hemisphere subserves feature

encoding [Fletcher et al., 1997]. Using PET, Pardo et al.
[1991] distinguished a system for sustained attention
in the right prefrontal (Brodmann area 9 and 46) and
parietal cortex. Additionally, some evidence suggests
that the right prefrontal cortex is involved in the mon-
itoring and verification of retrieved information
[Wilding et al., 1996; Allan et al., 1997; Bentin et al.,
1992; Schacter et al., 1996]. Although our data do not
allow definitive resolution of this issue, we submit
that the cognitive functions thought to be subserved
specifically by the right prefrontal cortex are involved
in somatosensory discrimination. This proposal
would explain our observation that poorer SSD task
performance was associated with greater activation
deficits in the right rather than the left prefrontal
cortex for the Parkinson patients with low FDOPA
uptake in the caudate. In contrast, healthy volunteers
and patients who recovered from hemiparetic stroke
show prominent activation of the prefrontal cortex
during somatosensory discrimination [Seitz et al.,
1991, 1998; Weder et al., 1994]. In summary, the cate-
gorical comparisons of our imaging data provide ev-
idence that functional interactions involving the cau-
date and the prefrontal cortex define a brain system
needed for somatosensory discrimination and dis-
rupted in Parkinson’s disease.

Abnormal functional networks

Categorical comparisons of functional imaging data,
however, do not explicitly assess patterns of func-
tional connectivity in the brain [Buechel and Friston,
1997; Jobson, 1992; Friston et al., 1995]. In contrast,
applications of complementary analyses of variance to
functional imaging data have demonstrated disease-
induced, system-specific abnormalities in brain func-
tional patterns [Alexander and Moeller, 1994; Azari et
al., 1996; Grafton et al., 1994]. One such technique is
principal component analysis (PCA) [Alexander and
Moeller, 1994; Friston et al., 1993b; Azari et al., 1999;
Seitz et al., 1999], which is able to identify disease-
related changes in patterns of functional connectivity
without restrictive a priori assumptions [Friston et al.,
1995]. In terms of functional connectivity, a principal
component represents a distributed brain system
within which there are high intercorrelations among
brain areas. Because PCs are orthogonal, the associ-
ated patterns may represent mutually independent
functional systems [Friston et al., 1995]. The PCA ap-
plied to our image data identified three patterns that
discriminated between the Parkinson patients and
normal subjects.
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The first PC—PC1—distinguishing patients from
controls represented functional interactions among
brain areas known to be involved in finger movement
activity, including tactile exploration. More specifi-
cally, motor-related areas including bilateral sensori-
motor, premotor, and SMA cortices as well as areas
needed for somatosensory information processing
were major, positively correlated constituents of PC1.
These areas reportedly participate in normal sensori-
motor processing during the performance of tactile
exploration [Boecker et al., 1996; Seitz et al., 1991]. The
PC1 pattern also evidenced positive loadings, i.e. pos-
itive correlation, of the medial part of the parietal
region, i.e. the precuneus (Brodmann area 7) and the
posterior cingulate cortex (Brodmann area 31). These
two areas appear to participate in explicit information
retrieval [Grasby et al., 1993; Fletcher et al., 1995]. The
functional significance of the left secondary sensory
area (S II) to the PC1 pattern is consistent with elec-
trophysiological and recent neuroimaging data, which
suggest its role in identifying intrinsic object charac-
teristics through modality specific attention [Binkofski
et al., 1999; Hsiao et al., 1993; Ledberg et al., 1995;
Sinclair et al., 1993]. The left hippocampal formation
and bilateral cerebellar cortex also contributed to the
PC1 pattern, but with negative loadings. Participation
of the hippocampus is possibly related to the sugges-
tion that items used in the task are not stored in
long-term memory during somatosensory discrimina-
tion [Roland and Mortensen, 1987]. Emergence of the
cerebellum might follow from its function as error
detector [Schmahmann et al., 1996]; the reduced cere-
bellar processing observed during skilled movements
in normal volunteers [Friston et al., 1992; Raichle et al.,
1994; Seitz and Roland, 1992] was no longer valid in
our patients (Table III). Interestingly, although the
PC1 pattern manifested a bilateral functional system,
the right hemisphere is clearly preponderant, as Fig-
ure 3 shows. Other PET studies have revealed a sim-
ilar dominance of activation fields in a motor sequence
encoding task, provided that the individuals were
explicitly aware of the sequences [Hazeltine et al.,
1997; Rauch et al., 1995; Seitz et al., 1992]. Results from
lesion studies suggest an integrating function of the
right hemisphere in data processing [De Renzi et al.,
1971]. Since most patients performed poorly on the
SSD task, the abnormally expressed PC1 pattern may
reflect selective disruption of areas involved in explicit
information sampling which are necessary for success-
ful SSD task performance.

PC7 distinguished the patients and normal subjects
during SSD task performance. It evidenced a cortical-
subcortical pattern of functional interactions compris-

ing brain areas important for working memory pro-
cesses and those especially vulnerable to abnormal
dopamine uptake. Positively correlated constituents of
PC7 included the right dorsolateral prefrontal cortex
and the right medio-dorsal part of the thalamus. The
thalamus is well known as a relay node for a thalamic-
dorsolateral prefrontal circuit [Alexander et al., 1986].
Thus, it may be that caudate neurotransmitter defi-
ciency restricted the functional capacity of the prefron-
tal cortex. In this regard, it is important to note that the
caudate nucleus itself was not among the constituents
of the PC7 pattern, highlighting the fact that PCA
captures functional, as opposed to so-called effective,
patterns of relationships in imaging data [Friston et
al., 1995]. A similar cortical-subcortical functional re-
lationhip has been suggested by Iseroff et al. [1982],
who demonstrated that lesions in the medio-dorsal
nucleus of the thalamus impair spatial memory in
monkeys. A third positively correlated constituent of
PC7 was the anterior cingulate, reportedly a func-
tional correlate of motivational aspects of distributed
processing related to attention, language, and memory
[Mesulam, 1990]. With respect to Parkinson’s disease,
this area has shown decreased activation during free
selection tasks [Playford et al., 1992]. The only constit-
uent of PC 7 with negative loading was the superior
occipital gyrus, which participates in color discrimi-
nation and evidences activation changes reciprocal to
those of areas involved in form discrimination [Gulyas
et al., 1991].

The pattern revealed by PC11 included bilateral
temporo-parieto-occipital association cortical areas,
and was differentially expressed in the patients and
normal volunteers during both REST and the SSD task
condition. The positively correlated areas included the
posterior part of the cingulate gyrus, the fusiform
cortex, and the posterior sector of the angular gyrus.
The posterior part of the cingulate gyrus, adjacent to
the splenium of the corpus callosum, showed in-
creased activation when subjects recalled and recog-
nized visual patterns [Roland et al., 1990]. The fusi-
form cortex has evidenced increased activation during
selective visual attention to shape, especially discrim-
ination of changes [Corbetta et al., 1990, 1991]. Finally,
the posterior sector of the angular gyrus participated
in complex visual tasks and pattern discriminations
[Roland et al., 1990]. Thus, the PC11 pattern appears to
describe a functional network underlying supramodal
information processing related to comparative feature
discrimination. Consequently, deviations from the
normal expression of PC11 in patients of subgroup A
may reflect altered information processing possibly
due to subtle deficiencies of caudate FDOPA uptake.
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Since these patients also showed deficient perfor-
mance on the SSD task compared to normals, we
suggest that they suffered a disruption of information
processing, which interfered with their ability to make
correct judgements regarding object discrimination.
Curiously, PC11 did not distinguish patients of sub-
group B, more severely affected than subgroup A in
terms of caudate FDOPA uptake as well as SSD per-
formance, from controls. We suppose that the abnor-
mal PC11 pattern expressed in subgroup A repre-
sented plastic changes permitting the patients better
SSD task performance than those of subgroup B, albeit
still not at the normal level. Such a reorganization of
brain function may depend on dopaminergic uptake
being relatively preserved in the caudate nucleus of
subgroup A patients.

CONCLUSIONS

The categorical comparisons of our functional im-
aging data identified an activation deficiency in the
right prefrontal and the mesial frontal cortices that
distinguished the patients with low FDOPA uptake in
the caudate from those with normal FDOPA uptake.
The principal components analysis applied to this data
provided new, substantial perspectives complemen-
tary to those yielded by the categorical analysis. Re-
flecting interactions among multiple brain areas, pat-
terns emerged without a priori assumptions about
functional relationships. These included three patterns
of functional brain interactions that distinguished our
Parkinson patients from normal volunteers. The
group-differentiating functional patterns identified in
this study allowed us to discriminate sensorimotor-
related impairments from cognitive aspects of infor-
mation processing deficits in patients with early and
advanced Parkinson’s disease. Thus, our results em-
phasize the utility and importance of applying ana-
lytic techniques to supplement categorical compari-
sons of functional imaging data.
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