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Somatosensory discrimination of unseen objects relies on processing
of proprioceptive and tactile information to detect spatial features,
such as shape or length, as acquired by exploratory finger
movements. This ability can be impaired after stroke, because of
somatosensory-motor deficits. Passive somatosensory discrimination
tasks are therefore used in therapy to improve motor function.
Whereas the neural correlates of active discrimination have been
addressed repeatedly, little is known about the neural networks
activated during passive discrimination of somatosensory informa-
tion. In the present study, we applied functional magnetic resonance
imaging (fMRI) while the right index finger of ten healthy subjects
was passively moved along various shapes and lengths by an fMRI
compatible robot.

Comparing discriminating versus non-discriminating passive move-
ments, we identified a bilateral parieto-frontal network, including the
precuneus, superior parietal gyrus, rostral intraparietal sulcus, and
supramarginal gyrus as well as the supplementary motor area (SMA),
dorsal premotor (PMd), and ventral premotor (PMyv) areas. Addition-
ally, we compared the discrimination of different spatial features, i.e.,
discrimination of length versus familiar (rectangles or triangles) and
unfamiliar geometric shapes (arbitrary quadrilaterals). Length dis-
crimination activated mainly medially located superior parietal and
PMd circuits whereas discrimination of familiar geometric shapes
activated more laterally located inferior parietal and PMv regions.
These differential parieto-frontal circuits provide new insights into the
neural basis of extracting spatial features from somatosensory input
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and suggest that different passive discrimination tasks could be used
for lesion-specific training following stroke.
© 2005 Elsevier Inc. All rights reserved.
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Introduction

Deriving tactile-kinesthetic information from exploratory
finger movements forms the basis of discrimination of unseen
objects. Recent functional imaging studies have shown that the
discrimination of macrogeometric object features, such as shape
or length by active exploration, predominantly engages fronto-
parietal circuits including ventral and dorsal premotor cortex,
secondary somatosensory area (SII), superior parietal lobe,
anterior part of the intraparietal sulcus (AIP), and supramarginal
gyrus (Binkofski et al., 1999; Bodegard et al., 2000, 2001;
Hadjikhani and Roland, 1998; Kawashima et al., 1994;
O’Sullivan et al., 1994; Roland et al., 1998; Servos et al.,
2001; Stoeckel et al., 2003, 2004; Stoesz et al., 2003).
Moreover, Bodegérd et al. (2001) proposed a hierarchy in these
frontoparietal areas related to discrimination tests: areas 3b and
1 are engaged in all types of microgeometric and macro-
geometric stimulation, area 2 is preferentially activated for
curvature changes, whereas AIP and supramarginal gyrus are
more involved in shape and full object discrimination than
discrimination of curvature or edges alone. The same frontopar-
ietal areas, however, are also activated during object exploration
and manipulation, not involving object discrimination (Binkofski
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et al., 1999; Gitelman et al., 1996; Jancke et al., 2001) as well
as in passive arm movements without discrimination (Nelles et
al., 1999).

Accordingly, it is a matter of debate whether the observed
activation mainly reflects the processing of somatosensory
information to perceive macrogeometry of objects, or the control
of motor actions, necessary to explore the object. To our know-
ledge, only one study used passive touch discrimination tasks, in
which the experimenter moved the object across the distal phalanx
of the right index finger such that no motor actions of the subject
were required (Bodegard et al., 2001). Passive touch discrimination
activated parieto-frontal networks similar to those observed during
active touch discrimination. The right anterior part of the
cerebellum additionally responded significantly to active compared
to passive discrimination. Whereas Bodegard et al. (2001)
stimulated cutaneous receptors related to touch, little is known
about the discrimination of proprioceptive information arising from
passively moving a finger. Such passive, somatosensory discrimi-
nation tasks are used during the rehabilitation of stroke patients,
suffering from hemiplegia (Perfetti, 1997; Perfetti, 2001). Since
active movements are hampered in these patients, passive
somatosensory discrimination exercises can be applied to stimulate
the sensorimotor system, and thus to improve motor outcome
(Perfetti, 1997, 2001). The neural networks which are activated by
these passive discrimination tasks are still unknown.

In the present study, we explored which brain areas are
concerned with the processing of proprioceptive information in
a purely somatosensory context. We specifically designed a
functional magnetic resonance imaging (fMRI) experiment, in
which subjects were required to discriminate passive movements
of different shapes and length, as imposed by an MRI
compatible robot. More specifically, in all conditions, subjects
were simultaneously exposed to passive movements of the
finger as well as to music fragments. Before each trial, they
were instructed to discriminate either the passive finger move-
ments (experimental condition) or the music fragments (control
condition). A sufficiently high difficulty level was chosen for
both discrimination tasks, such that subjects had to attend
maximally to either one of both modalities. This procedure
prevented subjects from covertly discriminating somatosensory
information during the control condition. With this unique setup,
we examined, first, which brain areas were involved in the
passive discrimination of spatial features and, second, whether
the passive discrimination of shape versus length activated
distinct neural networks.

Materials and methods
Subjects

Ten healthy volunteers (6 men, 4 women) with a mean age of
56.8 years (range 44—77 years) gave their written informed
consent to participate in this study. No subject exhibited overt
neurological or musculoskeletal deficits. All subjects except one
were right-handed as tested by the Edinburgh Handedness
Inventory (Oldfield, 1971) and all had a normal cognitive
performance (8 persons scored 30/30, 2 persons scored 29/30) as
indicated by the “Mini-Mental State Examination” (Folstein et al.,
1975). The study was approved by the ethical committee of the
Faculty of Medicine of K.U. Leuven.

Experimental setup

During the fMRI scanning session, the distal interphalangeal
joint of the right index finger was fixed with sensitive tape and
Velcro to a plastic platelet of an fMRI compatible robot (developed
by “Optidrive”, Leuven, Belgium) (Fig. 1). The robot consisted of
two stepping motor modules that moved the platelet along the
horizontal and vertical axis in the transversal plane within a
maximum range of motion of 8 cm. The onset of these passive
movements was pseudo-randomized such that the finger movement
could start at any Cartesian coordinate within this 8-cm square. The
plastic platelet could also move backward and forward over 3 cm,
and rotate over 180° within the transversal plane (Fig. 1) to
enhance comfort when the finger was guided along shapes in the
air. The finger was moved in such a way that participants could feel
the outline of different shapes in the air, as well as over a variable
distance along a horizontal wooden bar. All movements were
primarily felt in the metacarpophalangeal joint of the right index
finger and, for larger movements, also in the wrist. During the
experiment, the participants adopted a supine position with the
right arm and the legs supported by cushions to enhance comfort.
They held a response button in their left hand, and wore
headphones. Head movements were restricted by a bite bar and
eyes were closed.

Discrimination task

Discrimination was performed with eyes closed and required
participants to decide whether the passive movement or music
fragments were the same or not. In all discrimination conditions,
passive movements were provided together with music fragments.
Subjects were instructed before each trial whether they had to
discriminate either the passive movements or the music fragments.
For the discrimination of passive movements, three different tasks
were used (Fig. 2): (1) the robot generated movements with the
finger across a variable horizontal distance [LENGTH(mus)]. In
this condition only, the right index finger touched the horizontal
cross bar and length was the only discriminative feature; (2) the
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Fig. 1. fMRI compatible robot which moves the right index finger to
produce various familiar shapes [F-SHAPE(mus)] and unfamiliar shapes
[UF-SHAPE(mus)] in the air for the shape discrimination tasks, and across
the wooden crossbar for length discrimination [LENGTH(mus)]. The robot
allows movements in the transversal plane.
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Fig. 2. Somatosensory discrimination tasks used in the experiment:
LENGTH(mus): attention to line discrimination. F-SHAPE(mus): attention
to discrimination of familiar geometrical shapes. UF-SHAPE(mus):
attention to discrimination of unfamiliar geometrical shapes. Simultane-
ously, music stimulation was offered.
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robot generated familiar geometric shapes in the air [F-SHAPE(-
mus)] such as triangles, squares, and rectangles. These could differ
with respect to height or width or to angle in triangles; (3) the
robot generated unfamiliar geometric shapes in the air [UF-
SHAPE(mus)] such as quadrilateral shapes with unparalleled and
unequal sides. The shapes could differ with respect to height,
width, angles, and could have one or two different sides, or totally
different shapes. The minimal difference for lengths, widths, or
heights in the three conditions was 2 cm. The shapes and lines had
to be exactly the same in length, orientation, form, and size, to be
defined as equal.

During each of the 3 somatosensory discrimination conditions,
a matched music discrimination condition was presented (control),
i.e., subjects had to discriminate the music fragments, while the
finger was passively moved (4) over a variable horizontal distance
[(length)MUS], (5) along a familiar geometric shape [(f-shape)-
MUS], or (6) an unfamiliar geometric shape [(uf-shape)MUS].

Music fragments were considered different if the melody
changed, even for a few notes, an instrument was added or
omitted, the same tune started with another note, or the rhythm was
changed. The music fragments contained no human voice, to
exclude interference with activated language areas. The fragments
were selected and cut using the software “Cool Edit” (Adobe
Systems Incorporated, USA). Performance of both music and
somatosensory discrimination tasks were assessed beforehand to
define task difficulty. In agreement with other studies (O’Sullivan
et al., 1994; Roland and Mortensen, 1987; Seitz et al., 1991;
Stoeckel et al., 2003), a score of at least 75% correct was reached
on the answers for all tasks. This percentage was considered to
motivate the participants and to preserve attentional focus onto the
task. Participants did not receive feedback on their performance at
any time. The pilot studies confirmed also that the percentage
correct answers on both passive movement discrimination and
music discrimination remained stable, regardless of the number of
training sessions performed.

Note that, although both stimuli were offered at the same time,
subjects were instructed prior to each condition whether they had
to discriminate either the passive movements or the music
fragments and also which type of movement task would be
presented, i.e., familiar geometric shape, unfamiliar geometric
shape, or length discrimination. At all times, participants were

asked to focus on only one stimulus and discard the other stimulus.
Due to the complexity of the requested discrimination task, none of
the participants experienced either problems discarding the other
stimulus or confusion associated with choosing between the two
stimuli. In many cases, participants reported that they were not
aware of the other stimulus while concentrating on performing the
requested discrimination task. Thus, the participants did not need
to shift attention during the trials. Accordingly, the present task did
not comply with the typical definition of a ‘dual-task’ design, as
commonly used in the behavioral literature (Cockburn et al., 2003;
Haggard et al., 2000), whereby participants have to process two
tasks at the same time.

Each discrimination trial started with the instruction “triangle”,
“square”, “tactile”, “music”, or “rest”. In all but the rest
condition, the first of a pair of somatosensory and music stimuli
was presented after command “one”. This lasted 30—45 s, then the
subjects heard “two” and the second movement/music fragment
was offered. Immediately following the second stimulus, subjects
had 1 s to decide whether the stimuli were equal or different with
respect to a specific feature. Participants answered according to a
two alternative forced-choice paradigm (Seitz et al., 1991; Stoeckel
et al., 2003). The participants squeezed the response button once
when the movements or music fragments were the same, did
nothing when the two stimuli were different and squeezed twice
when they wanted to correct their answer.

The stimuli were presented in a three by two design where the
participants were asked to discriminate, i.e., three times two
passive somatosensory stimuli (experimental condition), then three
times a discrimination of two music fragments (control condition)
and so on.

Prior to the fMRI scanning session, three training sessions were
held to familiarize the volunteers with the test procedure. During
these training sessions, nine different exercise trials in total were
offered, comparable to the runs in the scanner. The setup during the
training sessions was similar to the scan session.

Scanning procedure and scanning conditions

fMRI was performed on a 1.5-T Philips Intera scanner equipped
with an 8 channel phased array head coil (MRI Devices
Corporation, WI, USA). High-resolution anatomical images of
each subject were acquired using a T1-weighted gradient echo
pulse sequence (3D-TFE, magnetization prepared with a 180° IR
pulse), consisting of 190 axial slices (0.86 x 0.86 mm in-plane
resolution, 1 mm slice thickness).

Functional images were acquired using a gradient-echo EPI-
scanning sequence (TR = 2.350 s; TE = 50 ms; flip angle = 90°).
Volumes consisted of 32 axial slices covering the whole brain.
Slices were oriented parallel to the AC—PC line (in-plane
resolution of 3 x 3 mm, 4.85 mm slice thickness). Each run
lasted for 9 min and 20 s during which 238 dynamic scans were
acquired. These functional scans were preceded by four dummy
scans, which were not used in the analysis. Both response button
registration and robot performance were synchronized to the scan
sequence.

Seven conditions were presented. The first three conditions
involved the three somatosensory discriminations, named F-
SHAPE(mus), UF-SHAPE(mus), and LENGTH(mus), during
which no attention was given to the music fragments (exper-
imental conditions). The three music discrimination tasks, during
which no attention was given to somatosensory stimulation, are
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referred to as (f-shape)MUS, (uf-shape)MUS, and (length)MUS
(control conditions). The abbreviations indicate the condition
which has to be discriminated in capital letters and the stimulus
which was not attended to between brackets. REST was the
seventh condition, where neither movement, nor music was
presented. UF-SHAPE(mus) and (uf-shape)MUS represented a
pair of the same movements and the same melody, but the order
of appearance was altered. This was also the case for F-
SHAPE(mus), (f-shape)MUS, and for LENGTH(mus) versus
(length)MUS. All seven conditions were presented twice, i.e.,
six pairs of movement-music stimuli, along with a rest condition
twice. In this way, tasks were perfectly matched and could be
subtracted from each other with confidence. In all conditions, the
difficult and easy tasks were both present in a random order and
the exercises were different in each run. The conditions F-
SHAPE(mus), (f-shape)MUS, UF-SHAPE(mus), and (uf-shape)-
MUS lasted approximately 45 s and LENGTH(mus), (length)-
MUS, and REST lasted approximately 30 s. Eight subjects
performed five and two subjects performed six runs.

Data processing and analysis

Data were analyzed using MATLAB (Mathworks, Natick, MA)
and SPM99 software (Wellcome Department of Cognitive Neu-
rology, London, UK, http://www.fil.ion.ucl.ac.uk/spm). Images
were realigned, co-registered to the anatomical T1 weighted image,
and normalized to a standard reference frame (Talairach and
Tournoux, 1988), using a representative brain template (MNI,
Montreal Neurological Institute). During normalization, images
were re-sampled to a voxel size of 2 x 2 x 2 mm and spatially
smoothed with a 6-mm full-width-at-half-maximum (FWHM)
Gaussian kernel.

A general linear model was used in which for each condition a
boxcar function was convolved with the standard SPM99 hemody-
namic response function. The subjects’ movement parameters,
obtained during the image realignment step, were inserted as
covariates of no interest to reduce movement-related artifacts. For
the statistical analysis, the time series were high-pass filtered with a
filter width of 560 s to remove slow signal drift and low-pass filtered
with a Gaussian kernel of 3 s to remove high-frequency noise.

More precise anatomical localizations of the primary somato-
sensory cortex (SI) and AIP were obtained through cytoarchitec-
tonic probabilistic maps of these areas. The activations found in
this study were compared to the probability maps within the MNI-
space (http://www.bic.mni.mcgill.ca/cytoarchitectonics/, Geyer et
al., 1996, 1999, 2000a,b; Grefkes et al., 2001).

The present study aimed to identify brain areas involved in the
discrimination of spatial features, as extracted from somatosensory
information during passive movements. For this purpose, we
compared discrimination of somatosensory stimuli to “distractor”
music discrimination as control condition. We added this music
discrimination to make sure that participants would not discriminate
the simultaneously added passive movements during the control
condition. We hypothesized that music discrimination would not
activate any areas, which are specifically related to somatosensory
discrimination, but only those areas related to general discrim-
ination processes. Using this procedure, only those brain areas
specific to somatosensory discrimination were presumably
detected, whereas activation related to passive movements per se
or to general discrimination processes were excluded. Contrasts of
interest were calculated for each subject and run individually. For

the group statistics, these contrasts were entered into a second-level
mixed effects analysis. This consisted of several comparisons. First,
brain areas which were more strongly activated for somatosensory
discriminations than for music discriminations were identified by
comparing the activations of all three somatosensory discrimina-
tions [F-SHAPE(mus) + UF-SHAPE(mus) + LENGTH(mus)]
versus all three music discriminations [(f-shape)MUS + (uf-
shape)MUS + (length)MUS]. The results were thresholded at P <
0.05, corrected for multiple comparisons, and were reported for
clusters larger than 10 voxels. Second, we identified brain areas
concerned with the discrimination processes, related to a specific
discrimination type. Therefore, each somatosensory discrimina-
tion condition was compared to its respective partner in music
discrimination, i.e., F-SHAPE(mus) versus (f-shape)MUS, etc.
Results were also thresholded at P < 0.05, corrected for multiple
comparisons, and were reported for clusters larger than 10
voxels. Third, our interest was directed to detecting differences
in brain activation between the three somatosensory discrim-
ination tasks. Therefore, we calculated three interactions (i.e.,
[(UF-SHAPE(mus) — (uf-shape)MUS) versus (F-SHAPE(mus) —
(f-shape)MUS)], etc.).

Subsequently, we performed a region of interest (ROI, sphere
with 8 mm radius) analysis, for areas that have previously been
identified in active discrimination tasks (Binkofski et al., 1999;
Bodegard et al., 2000, 2001; Hadjikhani and Roland, 1998;
Kawashima et al., 1994; O’Sullivan et al., 1994; Roland et al.,
1998; Servos et al., 2001; Stoeckel et al., 2003, 2004; Stoesz et al.,
2003) and were significantly activated in our main contrasts as
derived in step 2. The interaction was considered to be significant
when P < 0.05 was reached, after correction for multiple
comparisons.

Results
Discrimination performance

In both training and scanning sessions, all participants obtained
at least the required 75% correct answers for all tasks. In the training
sessions, the ten subjects reached a mean score of, respectively,
86% for F-SHAPE(mus); 88% for (f-shape)MUS; 78% for UF-
SHAPE(mus); 89% for (uf-shape)MUS; 80% for LENGTH(mus);
and 91% for (length)MUS. In the scanning sessions, the perform-
ance rate could not be recorded for four participants because of
technical problems. However, the mean performances of the remai-
ning six participants were comparable to those of the training ses-
sions: 84% for F-SHAPE(mus); 94% for (f-shape)MUS; 80% for UF-
SHAPE(mus); 87% for (uf-shape)MUS; 75% for LENGTH(mus);
and 90% for (length)MUS.

Imaging data

Main effect of SOMATOSENSORY versus AUDITORY
discrimination

To determine which areas were generally activated by the
discrimination of passive movements, we calculated which regions
responded more strongly to the somatosensory discrimination
tasks than to the music discrimination tasks (Table 1, Fig. 3A). We
identified a bilateral parietal—premotor network including the
precuneus, the superior parietal gyrus, the intraparietal sulcus
(located dorsally to the 50% probability map of area 2b; the right
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Table 1
Main contrast SOMATOSENSORY > AUDITORY
Brain area (hemisphere) MNI coordinates Z value
SOMATOSENSORY > X y z
AUDITORY
Precuneus
(R)* 6 —60 64 6.41
L) —6 —58 64 6.74
Superior parietal gyrus
(R) 18 —60 66 6.74
(L) —28 —54 66 7.26
Horizontal part of intraparietal
sulcus (rostral part of AIP)
(R) 42 —44 52 6.74
(L) —42 —40 48 6.63
Ascending part of intraparietal
sulcus (rostral part of AIP)
(R) 52 -32 56 7.33
(L) -36 -38 40 6.92
Supramarginal gyrus
(R) 60 —26 38 7.72
(L) —54 =30 42 6.76
Superior frontal gyrus (SMA) 0 -8 54 5.60
Superior frontal gyrus (PMd)
(R) 28 -2 66 7.58
(D) —-30 -6 68 7.47
Inferior frontal gyrus 56 10 24 7.08
(pars opercularis) (PMv) (R)
Middle frontal gyrus —54 6 38 5.60

(superior part) (PMv) (L)

Note. Z scores and localizations (MNI coordinates) for all significantly
activated voxels (P < 0.05, corrected for multiple comparisons) located
within a cluster larger than 10 voxels for the contrast SOMATOSENSORY >
AUDITORY, representing “all somatosensory discrimination with
unattended music stimulation > all music discrimination with unat-
tended somatosensory stimulation”. Additionally, we report areas tend-
ing to be bilaterally activated (*P < 0.001, uncorrected for multiple
comparisons).

side of the ascending part however showed in one cluster [x = 52;
y = —32; z = 56] 4/13 overlap with the probability map of area
2b), the supramarginal gyrus, the supplementary motor area
(SMA) as well as both dorsal (PMd) and ventral premotor cortex
(PMv). Cerebellar activation was found on individual, but not on
group level when somatosensory discrimination was subtracted

SOMATO UF-SHAPE

Table 2
Main contrast UNFAM SHAPE > UNFAM SHAPEMUS
Brain area (hemisphere) MNI coordinates Z value
UF-SHAPE(mus) > (uf-shape)MUS X v z
Precuneus
(R) 6 —62 62 732
(L) -6 =56 66 6.82
Superior parietal gyrus
(R) 28 —54 64 639
(L) —26 —54 66 698
Horizontal part of intraparietal sulcus (L) —42 —40 48 6.16
Supramarginal gyrus (R) 52 —34 56 632
Superior frontal gyrus (SMA) 0 —12 54 499
Superior frontal gyrus (PMd)
(R) 28 0 64 643
(L) —28 —4 68 621
Inferior frontal gyrus (pars opercularis) (PMv)
(R) 58 12 24 6.01
(L) —48 8 26 496

Note. Z scores and localizations (MNI coordinates) for all significantly
activated voxels (P < 0.05, corrected for multiple comparisons) located
within a cluster larger than 10 voxels for the contrast UF-SHAPE(mus) >
(uf-shape)MUS, representing “unfamiliar shape discrimination with unat-
tended music stimulation > music discrimination with unattended unfami-
liar shape stimulation”.

from music discrimination. Conversely, music discrimination
elicited only activation in the superior temporal gyrus (secondary
auditory cortex) at the right side when compared to all passive
somatosensory discriminations. No other areas, found in the
somatosensory discrimination task, activated specifically for music
discrimination.

Main effect for discriminating unfamiliar shapes
(UF-SHAPE(mus) > (uf-shape)MUS)

Comparing UF-SHAPE(mus) to (uf-shape)MUS (Table 2, Fig.
3B), we found significant activation of bilateral precuneus, right
and left superior parietal gyrus, right supramarginal gyrus, and left
anterior part of the horizontal intraparietal sulcus (located dorsally
to the 50% probability map of area 2b). Within the premotor
cortex, significant activation was yielded for the SMA, and
bilaterally in PMd and PMv. Particularly for PMv, the right
hemisphere was more activated than the left hemisphere.

F-SHAPE

LENGTH

Fig. 3. Brain activation as revealed by the four main contrasts. (A) SOMATO: somatosensory discrimination > auditory discrimination; (B) UF-SHAPE:
unfamiliar geometrical shape discrimination [UF-SHAPE(mus)] > music discrimination [(uf-shape)MUS]; (C) F-SHAPE: familiar geometrical shape
discrimination [F-SHAPE(mus)] > music discrimination [(f-shape)MUS]; (D) LENGTH: length discrimination of horizontal lines [LENGTH(mus)] > music

discrimination [(length)MUS].
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Main effect for discriminating familiar shapes (F-SHAPE(mus) >
(f~shape)MUS)

F-SHAPE(mus) contrasted with (f-shape)MUS activated less
midline areas but a more laterally located parietal—premotor
network that tended to be bilaterally activated (Table 3, Fig.
3C). It included the superior parietal gyrus, the ascending part
of the intraparietal sulcus (located dorsally to the 50%
probability map of area 2b), and the supramarginal gyrus as
well as PMd and PMwv.

Main effect for discriminating length (LENGTH (mus) >
(length)MUS)

Contrasting the LENGTH(mus) and the (length)MUS con-
dition, a network containing mainly medial parietal as well as
dorsal premotor areas were identified (Table 4, Fig. 3D). It
encompassed a bilateral activation of the precuneus and
activation of the superior parietal gyrus, the supramarginal
gyrus, as well as the horizontal part of the intraparietal sulcus.
PMd was activated bilaterally. Although tactile input was present
in both LENGTH(mus) and (length)MUS condition, left primary
somatosensory cortex (SI, 40% overlap with probability map of
area 3b) activation was seen when attention was drawn to the
somatosensory discrimination.

Interaction of discriminating unfamiliar shapes versus familiar
shapes [UF-SHAPE(mus) — (uf-shape)MUS] >
[F-SHAPE(mus) — (f-shape)MUS]

Within the network, identified for the UF-SHAPE(mus) main
effect, we tested which areas responded significantly more strongly
to the discrimination of unfamiliar shapes than to the discrim-
ination of familiar shapes (Table 5, Fig. 4). Significant differences
were found for the right supramarginal gyrus, right and left
superior parietal gyrus, left horizontal intraparietal sulcus and

Table 3
Main contrast FAM SHAPE > FAM SHAPEMUS
Brain area (hemisphere) MNI coordinates Z value
F-SHAPE(mus) > (f-shape)MUS X y z
Superior parietal gyrus
R)* 34 —56 60 3.23
(L) -32 —50 64 5.17
Ascending part of intraparietal sulcus
(R)* 32 —42 4 4.01
(L) -36 —40 40 5.64
Supramarginal gyrus
(R) 58 —26 38 6.28
(L) —54 -32 40 5.87
Superior frontal gyrus (PMd)
(R) 26 -2 66 5.55
(L)y* —26 —6 70 4.66
Inferior frontal gyrus
(pars opercularis) (PMv)
(R) 56 10 24 591
L)* —50 0 32 3.25

Note. Z scores and localizations (MNI coordinates) for all significantly
activated voxels (P < 0.05, corrected for multiple comparisons) located
within a cluster larger than 10 voxels for the contrast F-SHAPE(mus) > (f-
shape)MUS, representing “familiar shape discrimination with unattended
music stimulation > music discrimination with unattended familiar shape
stimulation”. Additionally, we report areas tending to be bilaterally activated
(*P < 0.001, uncorrected for multiple comparisons).

Table 4
Main contrast LENGTH(mus) > (length)yMUS

Brain area (hemisphere) MNI coordinates Z value
LENGTH(mus) > (length)MUS X y z
Precuneus
R) 6 —64 60 5.53
L) —6 —62 62 5.54
Superior parietal gyrus
(R)* 28 —54 58 4.27
L) -30 —56 64 6.05
Horizontal part of intraparietal
sulcus
R)* 44 —40 54 4.62
L) —42 —38 48 5.10
Supramarginal gyrus
R) 60 —26 38 4.77
(L)y* —60 -30 32 4.53
Around central -30 —28 62 4.92
sulcus (SI) (L)
Superior frontal gyrus (PMd)
R) 28 -2 68 5.47
@L) -30 -8 68 5.70

Note. Z scores and localizations (MNI coordinates) for all significantly
activated voxels (P < 0.05, corrected for multiple comparisons) located
within a cluster larger than 10 voxels for the contrast LENGTH(mus) >
(length)MUS, representing “length discrimination with unattended music
stimulation > music discrimination with unattended length stimulation”.
Additionally, we report areas tending to be bilaterally activated (*P <
0.001, uncorrected for multiple comparisons).

bilateral precuneus, as well as for SMA, bilateral PMd, and left
PMv. The converse interaction did not elicit any significant
activation differences.

Table 5
Interactions between [UF-SHAPE(mus) > (uf-shape)MUS] > [F-SHAPE(-
mus) > (f-shape)MUS]

Brain area (hemisphere) MNI coordinates Z value
[UF-SHAPE] > [F-SHAPE] X v z
Precuneus
R) 12 —60 66 4.68
L) -8 —52 68 4.13
Superior parietal gyrus
(R) 22 —58 66 4.06
@L) —28 —58 62 4.66
Horizontal part of intraparietal —44 -36 44 4.28
sulcus (L)
Supramarginal gyrus (R) 46 -30 56 3.46
Superior frontal gyrus (SMA) 4 —18 56 3.10
Superior frontal gyrus (PMd)
R) 34 -2 60 3.90
L) —24 —6 62 3.84
Inferior frontal gyrus —48 8 18 4.14

(pars opercularis) (PMv) (L)

Note. Z scores and localizations (MNI coordinates) of peaks of significantly
(P < 0.05, corrected for multiple comparisons, areas with >10 significant
voxels) activated regions for interactions between the contrast [UF-SHAPE]
(representing the contrast “unfamiliar shape discrimination with unattended
music stimulation > music discrimination with unattended unfamiliar shape
stimulation”) compared to [F-SHAPE] (representing the contrast “familiar
shape discrimination with unattended music stimulation > music discrim-
ination with unattended familiar shape stimulation™).
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UF-SHAPE > F-SHAPE

IFG (PMY)
[-48 826]

SFG (SMA)

PRECUNEUS

[6-6262)

Fig. 4. Brain activation as revealed by the UF-SHAPE > F-SHAPE interaction. The orange cluster indicates the network as revealed by the UF-SHAPE main
contrast [i.e., UF-SHAPE(mus) > (uf-shape)MUS]. Yellow areas mark regions that differ significantly (P < 0.05) from the F-SHAPE contrast. For these
regions, bar plots display the estimated blood oxygenation level dependent (BOLD) response (arbitrary units on the ordinate) for the contrasts UF-
SHAPE(mus) > (uf-shape)MUS (U) and F-SHAPE(mus) > (f-shape)MUS (F). Legend: IFG (inferior frontal gyrus); SFG (superior frontal gyrus); SMG
(supramarginal gyrus); HIPS (horizontal part of intraparietal sulcus); SPG (superior parietal gyrus).

Interaction of discriminating unfamiliar shapes versus length
[UF-SHAPE (mus) — (uf-shape)MUS] > [LENGTH(mus) —
(length)MUS]

Within the network identified for the UF-SHAPE(mus) main
contrast, only the right superior parietal gyrus was more activated
in the UF-SHAPE(mus) discrimination compared to the
LENGTH(mus) discrimination (Table 6, Fig. 5A). Note that the

Table 6
Interactions between [UF-SHAPE(mus) > (uf-shape)MUS] and
[LENGTH(mus) > (length)MUS]

Brain area (hemisphere) MNI coordinates Z value
[UF-SHAPE] > [LENGTH] X v z

Superior parietal gyrus (R) 32 —56 58 3.66
[LENGTH] > [UF-SHAPE]

Horizontal part of intraparietal —44 -36 44 282
sulcus (L)

Around central sulcus (SI) (L) —36 —28 58 4.5

Note. Z scores and localizations (MNI coordinates) of peaks of significantly
(P < 0.05, corrected for multiple comparisons, areas with >10 significant
voxels) activated regions for interactions between the contrast [UF-SHAPE]
(representing the contrast “unfamiliar shape discrimination with unattended
music stimulation > music discrimination with unattended unfamiliar shape
stimulation”) compared to [LENGTH] (representing the contrast “length
discrimination with unattended music stimulation > music discrimination
with unattended length stimulation”) and vice versa.

same area was also identified by the above UF-SHAPE(mus) > F-
SHAPE(mus) contrast. Thus, the right superior parietal gyrus
appears to become specifically activated during the discrimination
of unfamiliar shapes.

The converse interaction revealed that LENGTH(mus)
discrimination elicited a significantly higher response than
UF-SHAPE(mus) discrimination in the left horizontal intra-
parietal sulcus and in the left SI (Table 6, Fig. 5B).

Interaction of discriminating length versus familiar shapes
[LENGTH(mus) — (length)MUS] > [F-SHAPE(mus) —
(f-shape)MUS]

Within the areas determined by the LENGTH(mus) main effect,
bilateral precuneus, left superior parietal gyrus, left horizontal
intraparietal sulcus, left SI and bilateral PMd were significantly
more strongly activated during LENGTH(mus) than during F-
SHAPE(mus) discrimination (Table 7, Fig. 6). Importantly, the left
horizontal intraparietal sulcus as well as the left SI were previously
also identified in the LENGTH(mus) > UF-SHAPE(mus) compar-
ison and seem, therefore, to be specifically related to the functional
requirements of LENGTH(mus) discrimination.

The converse interaction did not reveal any significant
differences.

To summarize, the interaction analysis confirmed that the
different somatosensory discrimination tasks activated distinct
parieto-premotor networks. In particular, the superior parietal
gyrus appeared to be specifically involved in the kinesthetic
discrimination of unfamiliar shapes, while the left horizontal
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A .UF-SHAPE > LENGTH

SPG
128 5464 ]

B.LENGTH > UF-SHAPE

CS (SM1)
(-30 2862

Fig. 5. Brain activation as revealed by the UF-SHAPE versus LENGTH interaction. The orange cluster indicates the network as revealed by the UF-SHAPE
main contrast [i.e., UF-SHAPE(mus) > (uf-shape)MUS]. The blue cluster indicates the network as revealed by the LENGTH main contrast. Yellow areas mark
regions that differ significantly (P < 0.05) from the LENGTH contrast. For these regions, bar plots display the estimated blood oxygenation level dependent
(BOLD) response (arbitrary units on the ordinate) for the contrasts UF-SHAPE(mus) > (uf-shape)MUS (U) and LENGTH(mus) > (length)MUS (L). Legend:
SPG (superior parietal gyrus); CS (around central sulcus); HIPS (horizontal part of intraparietal sulcus).

intraparietal sulcus and left SI were activated during tactile-
kinesthetic discrimination of length.

Discussion

In the present study, we investigated which brain areas were
involved in the discrimination of spatial features when the index
finger of the right hand was passively moved by a robot. In

Table 7
Interactions between [LENGTH(mus) > (length)MUS] > [F-SHAPE(mus) >
(f-shape)MUS]

Brain area (hemisphere) MNI coordinates Z value
[LENGTH] > [F-SHAPE] X y z
Precuneus

®R) 10 —60 62 345

(L) -6 =56 66 4.41
Superior parietal gyrus (L) —24 =52 66 277
Horizontal part of intraparietal sulcus (L) —44 —36 44 444
Around central sulcus (SI) (L) —34 28 56 4.8
Superior frontal gyrus (PMd)

(R) 26 4 64 3.5

(L) -36 -6 64 4.02

Note. Z scores and localizations (MNI coordinates) of peaks of significantly
(P < 0.05, corrected for multiple comparisons, areas with >10 significant
voxels) activated regions for interactions between the contrast [LENGTH]
(representing the contrast “length discrimination with unattended music
stimulation > music discrimination with unattended length stimulation™)
compared to [F-SHAPE] (representing the contrast “familiar shape
discrimination with unattended music stimulation > music discrimination
with unattended familiar shape stimulation™).

particular, we tested whether the passive discrimination of shape
with different geometrical features versus length discrimination
activated distinct neural networks. To address this issue, shape
and length discrimination were contrasted to music discrim-
ination. Both tasks differed only with respect to the processed
modality, but not to the stimuli presented or the higher
cognitive functions involved in discrimination tasks in general.
The percentage of correct answers varied between 75% and
100% for all conditions, indicating that subjects solved the
discrimination tasks with a high degree of success. In particular,
the percentage of correct answers across the three somatosen-
sory discrimination tasks varied only slightly (78—86% in the
training session), indicating that the difficulty of the three tasks
was reasonably matched. Accordingly, changes in brain activa-
tion can be interpreted as a unique index of processing
somatosensory information during spatial discrimination.

The general comparison of somatosensory versus music
discrimination revealed a bilateral frontoparietal network, includ-
ing the precuneus, superior parietal gyrus, horizontal and
anterior intraparietal sulcus, the supramarginal gyrus, as well
as PMv, PMd, and SMA. This is in concordance with earlier
findings on active discrimination (Bodegard et al., 2001; Deiber
et al,, 1996; Hadjikhani and Roland, 1998; O’Sullivan et al.,
1994; Roland et al., 1998; Seitz et al., 1991). Previous results
suggest that the cerebellum plays an important role in
discrimination (Bodegérd et al., 2001; Hadjikhani and Roland,
1998; Seitz et al., 1991; Stoeckel et al., 2003; Stoesz et al.,
2003). However, in our study, comparing somatosensory to
music discrimination, cerebellar activity did not reach signifi-
cance, indicating that the cerebellum is probably involved in
various types of discrimination.

Contrasting each somatosensory discrimination condition to its
music discrimination counterpart revealed separate networks
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LENGTH > F-SHAPE

Z=120mm

CS (SM1)

SFGPMd)

Fig. 6. Brain activation as revealed by the LENGTH > F-SHAPE interaction. Blue cluster indicates the network as revealed by the LENGTH main contrast
[i.e., LENGTH(mus) > (length)MUS]. Yellow areas mark regions that differ significantly (P < 0.05) from the F-SHAPE contrast. For these regions, bar
plots display the estimated blood oxygenation level dependent (BOLD) response (arbitrary units on the ordinate) for the contrasts LENGTH(mus) >
(length)MUS (L) and F-SHAPE(mus) > (f-shape)MUS (F). Legend: HIPS (horizontal part of intraparietal sulcus); CS (around central sulcus); SPG (superior

parietal gyrus); SFG (superior frontal gyrus).

involved in different types of passive somatosensory discrim-
ination. In general, unfamiliar shape discrimination yielded the
largest frontoparietal network among all three conditions, whereas
familiar shape and length discrimination were each associated
with subdivisions of the latter network. The larger network
observed during unfamiliar shape discrimination is presumably
associated with higher task demands for processing spatial
information. More specifically, the shapes of the quadrilaterals
were not known in advance such that no prior mental image of
the geometric features could be formed. By contrast, subjects
knew in advance that they had to discriminate lines, squares,
rectangles, or triangles during the remaining discrimination
conditions. The identified areas involved in passive movement
discrimination exhibited task-specific differences in the BOLD
response as indicated by the interaction, whereas such modu-
lations were not observed across the music discrimination control
conditions.

The function of the activated parietal and premotor areas will be
discussed in more detail next.

Superior parietal gyrus

Although the superior parietal gyrus was activated during all
discrimination tasks, it was most significantly active during the
unfamiliar shape condition. Studies examining active discrimina-
tion revealed that the superior parietal cortex is involved in
kinesthesia (Binkofski et al., 1999) and the discrimination of tactile
objects which differed in length or shape (Hadjikhani and Roland,
1998; Seitz et al., 1991; Stoeckel et al., 2004). Previous patient
studies have also provided evidence that lesions in the posterior
parietal lobe hamper adequate processing of somatosensory
information and spatiotemporal movement patterns (Binkofski et

al., 2001; Pause et al., 1989), as well as discriminative sensation
(stereognosis, graphesthesia, position sense) (Bassetti et al., 1993).
Interestingly, unfamiliar shape discrimination required right supe-
rior parietal gyrus involvement. This confirms recent findings of
Stoeckel et al. (2004) who contrasted active discrimination of
distinguishable against undistinguishable objects with an event-
related fMRI design. These authors suggested that conscious
attention for tactile object shape discrimination of distinguishable
objects activated preferentially the right hemisphere (Stoeckel et
al., 2004). Although we used a block-design, thus highlighting the
spatial distribution of the general activation pattern instead of the
different phases of somatosensory discrimination across time, our
results seem to confirm and extend these observations. Our results
indicated that the right superior parietal cortex specifically covered
kinesthetic discrimination processing, even when no active move-
ment or tactile contact was present. Furthermore, the interaction
analysis revealed that the right superior parietal gyrus was
significantly more solicited during unfamiliar shape discrimination
than during the remaining two types of somatosensory discrim-
ination, i.e., when shape complexity was high. This is in good
agreement with the general notion that perceptual processing of
spatial information displays a right hemispheric dominance (de
Jong et al., 2001; Galati et al., 2000; Stephan et al., 2003; Vallar,
1997).

Moreover, the left superior parietal gyrus became more
strongly activated during the discrimination of unfamiliar shapes
and length than during the discrimination of familiar shapes, as
revealed by the interaction analyses. In accordance to previous
studies, this left hemisphere activation could be related to
maintaining somatosensory information in working memory
(Stoeckel et al., 2004). Note that familiar shapes such as
triangles, squares, and rectangles can be discriminated relatively
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carly during the trial (i.e., often already when the second or third
corner is reached), whereas for both length as well as unfamiliar
shapes, discrimination is carried out later in the trial. Accordingly,
more information has to be maintained such that the working
memory demands are higher during the latter two conditions.

Precuneus

The precuneus was activated bilaterally in unfamiliar shape
and in length discrimination, but not in familiar shape discrim-
ination. To the best of our knowledge, this is the first study
identifying precuneus activation in discrimination tasks. We
hypothesize that this medially located activation is associated
with attentional deployment to the movement trajectory, and/or
involvement in complex mental imagery, as required for solving
the task. This interpretation is based upon previous studies
accrediting precuneus involvement in spatial response selection
(Schumacher et al., 2003), tactile motion (Hagen et al., 2002),
visual shape and size retrieval (Oliver and Thompson-Schill,
2003), mental imagery dealing with spatial components (Sathian
et al., 1997; Vanlierde et al., 2003), and memory recall (Mellet
et al., 1998). Both retrieval of spatial information and setting up
spatial attributes have been ascribed to precuneus activity during
motor imagery (Malouin et al., 2003). Other studies reported that
both superior parietal gyrus and precuneus responded to
preparatory pointing activity as well as directing attention to a
peripheral visual location (Astafiev et al., 2003). Additionally,
the left anterior precuneus locus, as identified with the
interaction analysis of length versus familiar shape discrimina-
tion (x, y, z = —6, —56, 66), is comparable to the region
attributed to shifting attention in space, as identified by Astafiev
et al. (2003) (x, y, z = —3, —56, 60) and Simon et al. (2002) (x,
v, z = —4, =56, 54).

Anterior intraparietal sulcus

Both the horizontal and ascending part of the intraparietal
sulcus were close (<7.3 mm and <6.2 mm, respectively) to an
area supposed to represent the human analogue of monkey’s
anterior intraparietal area (AIP), as defined by Grefkes et al.
(2002). This area was shown to be involved in macrogeometric
somatosensory discrimination studies (Bodegard et al., 2001;
Grefkes et al., 2002; O’Sullivan et al., 1994; Roland and Zilles,
1998; Roland et al., 1998; Seitz et al., 1991; Stoeckel et al.,
2003; Stoesz et al., 2003). Our results are in line with the
findings of Roland et al. (1998) that the AIP is active during
discrimination of rectangular parallelepipeds when effects of
motor activity are filtered out. According to lesion studies, AIP
plays an important role in processing sensorimotor information
during finger movements (Binkofski et al., 1998). Binkofski et al.
(2000) also demonstrated AIP activation during imagery of finger
movements. On the other hand, axis orientation discrimination
seems to be segregated in AIP. According to Taira et al. (1998),
one area in the left AIP was found to be responsive to hand
movements, whereas another area in the right intraparietal sulcus
related to perception.

The findings in the present study extend these observations:
although the left AIP combined all types of shape and length
discrimination, different areas within the left AIP seemed to
become activated, depending on the predictability of the move-
ment outcome. Activation in the left horizontal intraparietal

sulcus (posterior to area 2) was observed in unfamiliar shape and
length discrimination, suggesting its increased attentional involve-
ment when the outcome of the final movement is less predictable.
Indeed, the volunteers could not predict the end of the line [in
LENGTH(mus)] or the fourth side of the quadrilateral [in UF-
SHAPE(mus)], whereas they could predict the third or fourth line
when feeling a triangle or square/rectangle [in F-SHAPE(mus)].
The intraparietal sulcus seems to reflect preparation of higher-
level processing and attention, required for the performance of
motion-processing tasks (Luks and Simpson, 2004). Differential
attentional demands could therefore have been inherent to our
paradigm and can, partly, account for the difference in activation
modulation of the intraparietal sulcus. On the other hand, the left
ascending part of the intraparietal sulcus (dorsal to area 2b) has
been related to familiar shape discrimination. Judging from the
interaction analysis, the left horizontal part of the intraparietal
sulcus appeared to be specifically sensitive to length discrim-
ination, since it was significantly more strongly activated during
length discrimination than during the other two somatosensory
discrimination tasks. Note that only the length discrimination task
contained a tactile component. However, for all main contrasts as
well as the interaction analyses, the somatosensory discrimination
was compared to a stimulus-matched control condition. There-
fore, this additional activation does probably not arise from tactile
touch per se, but rather from using tactile together with
somatosensory information to solve the length discrimination
task.

Supramarginal gyrus

The right supramarginal gyrus was involved in all passive
somatosensory discrimination tasks. Several studies have con-
firmed this area to be related to both passive and active
discrimination of shape, length, edge, and curvature (Bodegérd
et al.,, 2001; Hadjikhani and Roland, 1998; O’Sullivan et al.,
1994; Roland et al., 1998). Focal lesions in the supramarginal
gyrus impaired tactile object recognition even though normal
sensation was spared (Caselli, 1993; Reed et al.,, 1996). Only
Stoeckel et al. (2003) stated that the supramarginal gyrus
participates in exploration of shape and not in the discrimination
itself. However, consistent with the majority of the studies, our
findings also identify the supramarginal gyrus as an important
locus for processing somatosensory discrimination of length and
shape.

Supplementary motor area

The SMA was only significantly activated during unfamiliar
shape discrimination, suggesting a relation with task complexity,
especially when complex motor imagery is required. So far, SMA
activation did not appear in other studies examining somatosensory
discrimination of shapes (Bodegard et al., 2001; Hadjikhani and
Roland, 1998; O’Sullivan et al., 1994; Roland et al., 1980, 1998),
presumably because these objects or shapes always carried a
familiar geometric component, comparable to familiar shape
discrimination in the present study. This suggests that a certain
task complexity threshold has to be exceeded before SMA is
activated. This hypothesis is further backed up by the findings that
SMA is activated during motor imagery and programming (Deiber
et al., 1996; Mellet et al., 1998; Rao et al., 1993; Remy et al., 1994;
Richter et al., 1997; Roland et al., 1980; Stefan et al., 1995), as
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well as complex finger movements without discrimination task
(Shibasaki et al., 1993).

Ventral premotor cortex

PMv was inactive during length discrimination but was
activated on the right side during familiar shape discrimination,
and bilaterally during unfamiliar shape discrimination. PMv is
highly involved in motor imagery (Binkofski et al., 2000;
Decety et al., 1994; Hanakawa et al., 2003; Stefan et al., 1995)
as well as imagining the construction of three-dimensional
objects (Jancke et al., 2001), which all require preparation for
complex motor performance with considerable sensorimotor
control (Binkofski and Buccino, 2004). The observed bilateral
PMv activation during unfamiliar shape discrimination may
therefore imply that more complex spatial features derived from
passive movements also required more complex mental imagery
of unfamiliar shapes, as compared to familiar shape or length
discrimination. Furthermore, PMv is also activated during object
manipulation (Binkofski et al., 1999), higher-order forearm/
finger motor control (Binkofski and Buccino, 2004; Binkofski et
al., 2000), mental rotation necessary for hand recognition
(Parsons et al., 1995), sensorimotor integration, and associative
sensorimotor learning (Halsband and Freund, 1990). Interest-
ingly, the left ventral premotor cortex seems to be involved in
kinesthetic motor imagery of one’s own movement (Binkofski
and Buccino, 2004; Porro et al., 2000), whereas right ventral
premotor cortex activation is more apparent during imagery of
spatial target motion in extrapersonal space (Binkofski and
Buccino, 2004). This latter finding can be linked with our
study. In the bilateral PMv activation seen during unfamiliar
shape discrimination, the right hemisphere was more activated
than the left. Thus, the results in both unfamiliar and familiar
shape discrimination show that this lateral area was also
activated when motion features were actually perceived within
a discrimination setting.

Dorsal premotor cortex

During familiar shape discrimination, PMd activation was
detected in the right hemisphere only whereas length and
unfamiliar shape discrimination revealed bilateral activation. In
analogy with the findings in AIP, we speculate that the shapes of
triangles, squares, and rectangles could be predicted after at most
two line trajectories, thereby requiring less complex motor
imagery to solve the task. PMd activation was previously
revealed in tactile form discrimination and praxic function
(Sadato et al., 2000; Seitz et al., 1991). Furthermore, various
aspects of movement generation and control recruit PMd (Picard
and Strick, 2001). In monkeys, PMd acquires target and arm
position information, depending on the context in which move-
ment is performed (Wise et al., 1997). Because of its connection
with area 7b in the posterior parietal lobe, PMd may encode the
spatial environment, based on exploratory finger movements
(Mellet et al., 1996). In the present study, however, such
processing even occurred without active movement. Therefore,
as in monkeys (Geyer et al., 2000a,b), PMd in humans appears to
be relying upon proprioceptive information in the generation of
output. Perhaps this area is triggered more when either complex
visualization of the movement trajectories is needed (in unfami-
liar shape discrimination) or when the unpredictability of the

movement outcome is enhanced (in both unfamiliar shape and
length discrimination).

Primary somatosensory area

In this study, area 3b was significantly more activated during
length as compared to the remaining discrimination tasks. The tip
of the right index finger touched the wooden crossbar in both the
LENGTH(mus) and (length)MUS conditions. This indicates that
allocating attention to tactile length discrimination produced an
additional activation in area 3b. This is consistent with previous
findings suggesting that SI exhibits an attention-related increase
in somatosensory stimulation (Waberski et al., 2002), in tactile
attention tasks (Burton et al., 1999), and attention to touch
(Johansen-Berg et al., 2000). SI activity is also evident during
passive movements of the metacarphophalangeal joint with
minimal tactile contact (Mima et al., 1999), in all kinds of
microgeometric and macrogeometric stimuli with touch (Bode-
gard et al., 2001), and during imagination of tactile stimulation
(Hodge et al., 1996).

Conclusion

Brain activation during passive somatosensory discrimination
tasks was studied in healthy elderly subjects. To the best of our
knowledge, this is the first fMRI study examining ‘passive’
somatosensory discrimination imposed by an fMRI compatible
robot. By comparing stimulus-matched conditions of somatosen-
sory to music discrimination, we were able to highlight those
areas that were specifically sensitive to passive discrimination of
familiar and unfamiliar shape and to tactile length discrimination,
after ruling out activations related to general discrimination
processes or to passive movement. This study extends previously
obtained knowledge, gained by ‘active’ discrimination studies in
healthy volunteers. Our results suggest that familiar shape and
length discrimination bear on different neuronal networks. Length
discrimination required more medially located superior parietal
and dorsal premotor circuits, which was associated with increased
attentional demands to track relevant proprioceptive information
when spatial information was sparse. The primary somatosensory
cortex was specifically involved in focused attention to tactile
length discrimination. Familiar shape discrimination exhibited a
more laterally located network, including inferior parietal and
ventral premotor regions, related to processing of familiar
uncomplicated shapes. However, these shapes also required
enhanced attention to keep track of the movement trajectory.
Unfamiliar shape discrimination encompassed both networks,
which may be explained by the unpredictability of the shape
associated with more complex mental imagery required to solve
the task. Based on the present findings, we encourage the use of
different passive discrimination tasks for lesion-specific training
in the rehabilitation of stroke patients.
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