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Vibration at ;70 Hz on the biceps tendon elicits a vivid illusory
arm extension. Nobody has examined which areas in the brain
are activated when subjects perceive this kinesthetic illusion.
The illusion was hypothesized to originate from activations of
somatosensory areas normally engaged in kinesthesia. The
locations of the microstructurally defined cytoarchitectonic ar-
eas of the primary motor (4a and 4p) and primary somatosen-
sory cortex (3a, 3b, and 1) were obtained from population maps
of these areas in standard anatomical format. The regional
cerebral blood flow (rCBF) was measured with 15O-butanol and
positron emission tomography in nine subjects. The left biceps
tendon was vibrated at 10 Hz (LOW), at 70 or 80 Hz (ILLUSION),
or at 220 or 240 Hz (HIGH). A REST condition with eyes closed
was included in addition. Only the 70 and 80 Hz vibrations
elicited strong illusory arm extensions in all subjects without
any electromyographic activity in the arm muscles. When the
rCBF of the ILLUSION condition was contrasted to the LOW

and HIGH conditions, we found two clusters of activations, one
in the supplementary motor area (SMA) extending into the
caudal cingulate motor area (CMAc) and the other in area 4a
extending into the dorsal premotor cortex (PMd) and area 4p.
When LOW, HIGH, and ILLUSION were contrasted to REST,
giving the main effect of vibration, areas 4p, 3b, and 1, the
frontal and parietal operculum, and the insular cortex were
activated. Thus, with the exception of area 4p, the effects of
vibration and illusion were associated with disparate cortical
areas. This indicates that the SMA, CMAc, PMd, and area 4a
were activated associated with the kinesthetic illusion. Thus,
against our expectations, motor areas rather than somatosen-
sory areas seem to convey the illusion of limb movement.
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Perception of limb movements does not necessarily require the
actual movement of the limbs. Vibration stimuli, of ;70 Hz, on a
tendon elicit a vivid illusory limb movement (Eklund, 1972;
Goodwin et al., 1972a,b; Craske, 1977; Roll and Vedel, 1982).
The vibrations excite muscle spindles and tendon organs. The
primary endings are most sensitive (Goodwin et al., 1972a,b;
Burke et al., 1976; Roll and Vedel, 1982). The frequency of action
potentials in afferents from muscle spindle primary endings and
tendon organs increases during muscle lengthening (Roll and
Vedel, 1982; Ribot-Ciscar and Roll, 1998). The increased afferent
activity from spindles and tendon organs during vibration-
induced illusory movement therefore might simulate the propri-
oceptive discharge occurring during true muscle stretch, although
the muscles do not increase in length.

Signals from muscle spindles play a very important role in

kinesthesia, the perception of limb movements (Burke et al.,
1976, 1988; Capaday and Cooke, 1981, 1983; Roll and Vedel,
1982; Rogers et al., 1985; Edin and Vallbo, 1990; Frederick et al.,
1990; Macefield et al., 1990; Cordo et al., 1995; Ribot-Ciscar and
Roll, 1998). There is evidence that areas 3a and 2 predominantly
receive kinesthetic inputs from muscle afferents and joint affer-
ents in cats (Rasmusson et al., 1979; Dykes, 1983) and monkeys
(Phillips et al., 1971; Iwamura et al., 1983, 1993; Pons et al., 1992).
We consequently expected that areas 3a and 2 would be active in
humans as well even when kinesthetic illusions were produced
only by vibration. Vibrotactile information arising from skin
mechanoreceptor afferents on the other hand would, in accor-
dance with studies in the monkey, be expected to activate pre-
dominantly cortical areas 3b and 1 (Jones and Friedman, 1982;
Garraghty et al., 1990; Pons et al., 1992; Recanzone et al., 1992;
Lebedev and Nelson, 1996; Romo et al., 1998).

In addition, high-amplitude vibrations applied to humans, usu-
ally of 100 or 110 Hz, have been reported to activate the primary
somatosensory cortex, the secondary somatosensory cortex, the
cortex of insula, the supplementary motor area (SMA), and the
anterior lobe of cerebellum (Fox et al., 1987; Seitz and Roland,
1992; Burton et al., 1993; Coghill et al., 1994). Although these
strong vibrations also activated the M1 and the SMA, they were,
however, often associated with paresthesias of the hand and
fingers and often even elicited a grasp reflex. In a recent study,
Weiller et al. (1996) found that not only the somatosensory cortex
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but also the SMA and motor cortex were activated by passive
movements of the arm.

To detect brain areas that were exclusively activated in associ-
ation with kinesthetic illusions, we attempted to distinguish the
effect of kinesthesia from the effect of vibration. For this reason,
we vibrated the biceps tendon at frequencies that elicited kines-
thetic illusions and at frequencies that elicited no illusion. The
activations related to the kinesthetic illusion we hypothesized to
originate from areas 3a and 2, perhaps associated with activations
of motor areas. In this study we relate the activations to popula-
tion maps of the quantitatively defined cytoarchitectural areas 4a,
4p, 3a, 3b, and 1 (Roland et al., 1997; Roland and Zilles, 1998;
Schleicher et al., 1999).

MATERIALS AND METHODS
Psychophysical experiment. Twenty healthy right-handed male subjects
participated in the psychophysical experiment. Their age ranged from 23
to 33 years. They were blindfolded, and their left arms were fixed to a
plastic plate with adhesive tape. This kept the angle of the elbow fixed at
130°. We asked the subjects to completely relax their left arm and close
their eyes during the vibrations. Ear plugs and headphones prevented the
subjects from hearing the sound of the vibrator. We used a vibrator
(Mini-shaker type 4810, 1935497; Brüel & Kjär, Närum, Denmark) and
stimuli from 10 to 240 Hz. The frequency was changed from 10 to 100 Hz
in 10 Hz steps and from 100 to 240 Hz in 20 Hz steps to find the optimal
frequency that elicited a clear and strong illusion of elbow extension and
to find other frequencies that did not elicit any illusions. An additional
measurement at 190 Hz was also included. Each frequency was tested
three times in each subject, with the exceptions of 120, 140, and 160 Hz,
which were only tested once in each subject. The amplitudes of vibration
ranged from 0.2 to 3 mm (Fig. 1 A). The vibrations were rectangular pulse
sequences. The tendon was vibrated tangentially. The order of frequen-
cies was randomized. The duration of each vibration was 60 sec. We
vibrated the biceps tendon of the left arm applying a light pressure on the
surface of the skin over the tendon. We told the subjects that we were
going to vibrate here (on the tendon) and that this might cause a feeling
of the arm moving. We asked the subjects to say “start” when they felt the
start of an eventual illusory movement of the arm and to say “stop” when
the sense of movement disappeared. From these responses, the start time
and the duration of the illusion were calculated. After 60 sec of vibration,
we asked the subjects to evaluate the subjective psychological experi-
ences of illusion by scoring from 0 to 10 the vividness, duration, and
strength of the illusion. Vividness was defined as the clarity of the
experience compared with an actual arm movement. When they felt the
illusory arm movement as if their arm were actually moving, they should
have scored 10. The continuance was their subjective scaling on how long
they felt the illusion during the 60 sec. If they felt the illusion throughout
the whole period of stimulation, they should have scored 10. The strength
of illusion was how much the arm moved. If they felt that the arm had
been maximally extended, they should have scored 10. When they did not
feel any illusion at all, they should have scored 0 in all three question-
naires. We calculated the correlation coefficients between the mean
values of the durations of illusions across all subjects and the mean
continuance scores to assess the reliability of psychological rating.

Subjects and conditions in positron emission tomography scan. Nine
subjects from our psychophysical experiment, who experienced a strong
illusion of arm extension at 70 or 80 Hz and no illusion at 10 and 220 or
240 Hz, participated in the positron emission tomography (PET) exper-
iment. Their age ranged from 23 to 33 years. The study was approved by
the Ethics Committee of the Karolinska Hospital and the Radiation
Safety Committee of the Karolinska Institute and Hospital and per-
formed following the principles and guidelines of the Declaration of
Helsinki, 1975. The blindfolded subjects rested comfortably in a supine
position with their ears plugged. The subjects had their heads fixed to the
scanner by a stereotaxic helmet (Bergström et al., 1981), which was also
used for fixation during the magnetic resonance imaging (MRI) scan.
Otherwise, the conditions were identical to the psychophysical experi-
ment, with the exception that no psychological scoring was done.

Each subject had a catheter placed into the right brachial vein for
tracer administration and another inserted, under local anesthesia, into
the left radial artery for measurement of arterial radioisotope activity
and partial pressure of arterial CO2 (PaCO2

). The arterial PaCO2
was

sampled once during each PET scan. Each subject had 12 PET scans. The
experiment consisted of four conditions, each having three repetitions.
The subjects were instructed to focus their attention on the feeling
coming from their left arm without thinking about psychological scores.
The subjects were not allowed to say “start” and “stop” in the PET
experiment. The four conditions were as follows: (1) REST; the subjects
were instructed to relax completely; during rest, the vibrator was on but
did not touch the skin; this was done to balance the humming of the
vibrator across conditions; (2) 10 Hz vibration (LOW); (3) 70 or 80 Hz
vibration (ILLUSION); either 70 Hz or 80 Hz was selected, depending
on which frequency was optimal to produce the illusion in each subject;
and (4) 220 or 240 Hz (HIGH); 220 Hz or 240 Hz was selected,
depending on which frequency did not produce any kinesthetic illusion.
The order of REST and test conditions was randomized after a balanced
randomized schedule. The vibration site was ;1 cm 2 and was marked on
the surface of the skin over the left biceps tendon. The experimenter
vibrated this site as precisely and constantly as possible to keep the
amplitude of the waveforms constant during the scan. The amplitude was
shown on an oscilloscope and monitored with an accelerometer (Cubic
Deltatron accelerometer type 4503, 1873682; Brüel & Kjär) mounted on
the top of the vibrator.

Electromyogram recording. We recorded the electromyogram (EMG)
from the biceps and triceps. Two electrodes (Neuroline disposable neu-
rology electrodes, type 700 01-A 12; Ölstykke) were put on the surface of
the skin, over the biceps belly and triceps belly. The gain of the amplifier
was 2000, and the high-cut filter was set at 20 kHz.

PET and MRI scanning and analysis. The methods for regional cerebral
blood flow (rCBF) measurement were as described earlier (Hadjikhani
and Roland, 1998). Each subject, equipped with a stereotaxic helmet, had
a magnetic resonance tomogram and a PET scan. The magnetic reso-
nance tomograms were obtained from spoiled gradient echo sequences
obtained with a 1.5 T General Electric (Milwaukee, WI) Signa scanner
[echo time, 5 msec; repetition time, 21 msec; flip angle, 50°, giving rise to
a three-dimensional (3D) volume of 128 3 256 3 256 isotropic voxels of
1 mm 3; field of view, 256 mm 2]. The rCBF was measured with a PET
camera (ECAT Exact HR; Siemens, Erlangen, Germany) in 3D mode.
Approximately 15 mCi of 15O-butanol were injected intravenously as a
bolus. The arterial input function was continuously monitored, and the
rCBF was calculated on the basis of the data from 0 to 50 sec by an
autoradiographic procedure (Meyer, 1989). The sinograms were recon-
structed with a 4 mm ramp filter. The reconstructed images were filtered
with a 5 mm 3D isotropic Gaussian filter. The PET scans from each
subject were spatially aligned on the first PET scan, using the AIR
software (Woods et al., 1992).

Each individual’s MR image of the brain was transformed to the
standard anatomical format of the Human Brain Atlas (HBA), and
subsequently the PET images were transformed by the HBA to standard
brain format (Roland et al., 1994). Affine and nonaffine transformations
were used, and special care was taken to optimize the fit of the central
sulcus. The anatomically standardized images had a voxel size of 2 3 2 3
2 mm 3. All voxels outside the brain were excluded from the statistical
analysis. The statistical analysis was done by describing the data by a
general linear model (Ledberg et al., 1998). The design matrix had tasks
and subjects as factors. The common effect of vibration was detected by
contrasting LOW, ILLUSION, and HIGH conditions versus REST. The
effect of illusion was detected by contrasting ILLUSION versus LOW
and HIGH conditions. The effect of pure vibration was detected by
contrasting LOW and HIGH conditions versus REST. The results of
these contrasts in the general linear model are z images, having high z
values where the differences between the contrasted conditions were
conspicuous. Regions of significant clusters of voxels having high z values
were determined using the cluster method of Ledberg et al. (1998). The
probability of false-positive clusters in the whole brain was estimated by
Monte Carlo simulations of 9652 noise images (Ledberg et al., 1998).
The simulations gave a cluster size of 576 mm 3 and a z threshold of 2.58
as significant ( p , 0.05) for the whole brain space. We only report
clusters of a size corresponding to an omnibus p , 0.05 or better and
present the images containing these significant clusters of activations.

The activations covering the sensorimotor cortices were examined for
localization within cytoarchitectonic areas 4a, 4p, 3a, 3b, and 1 (Geyer et
al., 1996; Roland et al., 1997; Schleicher et al., 1999). The cytoarchitec-
tonic regions were delineated with observer-independent techniques in a
small sample of four postmortem brains and were subsequently trans-
formed into the same standard anatomical format as were the functional
images. Corresponding areas from different brains were superimposed in
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3D space, and overlay maps were calculated for each area. The activated
fields were then compared with the spatial extent of each cytoarchitec-
tural area defined as the 50% population map of this area, i.e., the voxels
in which this area can be found in $50% of population brains (Roland
and Zilles, 1998).

The active fields were thus located in relation to cytoarchitectural
areas 4a, 4p, 3a, 3b, and 1. This left the premotor cortex (PM) and SMA
to be defined arbitrarily. By the SMA, we understand the cortex rostral
to area 4a on the medial side of the hemisphere, above the cingulate
sulcus. The rostral border of the SMA is arbitrarily set at the vertical
plane y 5 16 (Buser and Bancaud, 1967). The lateral PM is located
rostrally to lateral area 4a (Geyer et al., 1996; Roland and Zilles, 1996).
Its rostral border is not known. The cingulate motor areas (CMAs) and
their preliminary parceling into a rostral part and a caudal part (CMAc)
were described in Roland and Zilles (1996).

RESULTS

Psychophysical data
All 20 subjects perceived an illusory arm movement during the 70
or 80 Hz vibration of the biceps tendon. The direction of the
illusory movement was consistently an arm extension. The psy-
chological scores (continuance, vividness, and strength) changed
in the same manner when the vibration frequency changed. The
subjects experienced that the duration of the illusion increased as
the vibration frequency increased from 20 to 70 Hz. The contin-
uance was the longest at 70 Hz; after that it gradually decreased
as the frequency increased (Fig. 1B). The 20 subjects also felt that
the delay between the onset of the vibration and the onset of the

Figure 1. Amplitudes of vibration (A), psychological scores of illusion (continuance, duration, and strength) (B), and actually measured duration and
onset time of kinesthetic illusion (C) in the psychophysical experiment. The actually measured duration and psychological scores changed in the same
manner as a function of vibration frequency. B, Dark filled bars represent psychological scores for continuance of the illusion; gray bars represent
vividness; and white bars represent strength. C, White bars represent the onset time, i.e., delay between the onset of the vibration and the onset of the
illusion; dark bars indicate duration of illusion. The duration of illusion was getting longer as vibration frequency increased from 10 to 70 Hz. It was
maximal at 70 Hz and declined again with further increases in frequency. Changes in the onset time of the illusion after the start of the vibration
corresponded to the changes of the duration.
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illusion decreased with frequencies increasing from 10 to 60 Hz.
Once the illusion started, it usually persisted as long as the tendon
was vibrated at frequencies close to 70 Hz. The duration was the
longest at 70 Hz; after that the duration decreased gradually as
the frequency increased (Fig. 1C). The correlation coefficients
between the mean psychological scores (continuance, vividness,
and strength) and mean measured duration were 0.98, 0.99, and
0.97, respectively. From this we concluded that the psychological
rating was reliable.

From this psychophysical experiment in the 20 subjects we
found that 70 or 80 Hz (ILLUSION condition) was the optimal
frequency to elicit the illusion of arm extension and that 10 Hz
(LOW) and 220 or 240 Hz (HIGH) were appropriate frequen-
cies, which in almost all subjects did not elicit any illusion at all
(Fig. 1B,C). However, some subjects still felt minute illusory
movements even when we used 10 or .220 Hz. We excluded
these subjects from the PET study. A total of nine subjects were
selected for the PET experiments. We retested every one of these
nine subjects, who participated in the PET experiment, a few
months after the PET experiment and did the psychophysical
experiment again using 10, 70 or 80, or 220 or 240 Hz to make
sure that the experience of illusion was reproducible. All subjects
experienced the same strong illusion at 70 or 80 Hz but no illusion
at 10, 220, or 240 Hz. We concluded that the experience of the
illusion was very stable.

Behavioral aspects and EMG activity during
PET scanning
After each PET experiment, all nine subjects reported continuous
and slow illusory arm extensions when their tendons were vi-
brated at 70 or 80 Hz. None of the nine subjects experienced any
illusion at 10 and 220 or 240 Hz. We did not find any EMG
activity from the biceps or the triceps in any subject. This also
meant that none of the nine subjects had any tonic vibration reflex
or any response to the vibration in an antagonist muscle.

The main effects of vibration
We first contrasted (LOW 1 ILLUSION 1 HIGH) versus
REST. We found four significant clusters, whose local maxima
were located in the contralateral (right) postcentral gyrus, pari-
etal operculum, frontal operculum, and ipsilateral parietal oper-
culum (Fig. 2A–D, Table 1). The activation in the precentral and
postcentral gyri covered cytoarchitectural areas 4p, 3b, and 1
(Table 1). Area 4a, dorsal premotor cortex (PMd), SMA, and
CMAc were not activated.

Active fields for ILLUSION versus REST and (LOW 1
HIGH) versus REST
We contrasted ILLUSION and REST. We found three significant
clusters, whose local maxima were located in the contralateral
(right) SMA, postcentral gyrus, and anterior part of the parietal
operculum (Table 2). The SMA activation extended into the
CMAc. The activation in the postcentral gyrus covered cytoar-
chitectural areas 3b and 1 and extended anteriorly into areas 4p
and 4a and further into the PMd. Posteriorly, this activation
extended into the cortex lining the postcentral sulcus (Table 2).

The SMA, CMAc, PMd, areas 4a, 4p, 3b, and 1, and the
cortex lining the postcentral sulcus were not significantly acti-
vated when the LOW and HIGH conditions were contrasted to
REST (Table 2).

Active fields for ILLUSION contrasted with
(LOW 1 HIGH)
We made a contrast image ILLUSION versus (LOW 1 HIGH).
In this contrast, the procedures and effects of vibration were
supposedly balanced. Two clusters appeared significant in this
contrast. The first was located in the contralateral (right) SMA
extending into the CMAc. A large part overlapped with the
activation that was found in the ILLUSION versus REST condi-
tion. The second cluster had its local maximum in area 4a (224,
232, and 60) but covered cytoarchitectural areas 4p, 3b, and 1 as
well (Fig. 3A–D, Table 3). Rostrally it extended into the PMd
(Fig. 3C, Table 3). The parietal operculum and the cortex lining
the postcentral sulcus were not significantly activated in this
contrast.

Volume of interest analysis: rCBF increases in areas
4a, 4p, 3b, and 1
The cluster images showing the statistically significant fields of
activation and their engagement of cytoarchitectural areas 4a, 4p,
3b, and 1 do not answer the question of whether each of these
cytoarchitectural areas was statistically significantly activated.
The evaluation of whether a cytoarchitectural area is significantly
activated is best done by examining the mean blood flows in the
part of the cytoarchitectural area covered by the cluster. In the
image showing the statistically significant clusters of the contrast
ILLUSION versus REST, the parts of the sensorimotor cluster
engaging cytoarchitectural areas 4a, 4p, 3b, and 1 were used as
volumes of interest (VOIs). Because cytoarchitectural area 3a was
not activated in .12 mm 3 in any of the contrasts, the area 3a
engagement was clearly insignificant, and area 3a was not in-
cluded in the VOI analysis. The mean rCBF of these VOIs was
then calculated for each PET scan. The effect of repetition of the
same condition was then removed by calculating the mean rCBF
for each condition. When ILLUSION was contrasted to REST,
each of areas 4a, 4p, 3b, and 1 was significantly activated ( p ,
0.01 for each area, one-tailed t test after Bonferroni correction for
four comparisons). When these VOIs were also used to evaluate
the contrast between HIGH and REST, it turned out that areas
4p and 3b were significantly activated ( p , 0.04 for each area,
one-tailed t test after Bonferroni correction). Similarly, areas 4a,
4p, 3b, and 1 were significantly activated in the contrast LOW
versus REST ( p , 0.04 for each area, one-tailed t test after
Bonferroni correction). This meant that areas 4p and 3b were
activated in each condition when contrasted to the REST.

When ILLUSION was contrasted to (HIGH 1 LOW), only
area 4a was significantly more activated in ILLUSION ( p , 0.02,
one-tailed t test after Bonferroni correction) (Fig. 4).

DISCUSSION
When ILLUSION was contrasted with LOW and HIGH, the
contralateral (right) SMA, CMAc, PMd, and area 4a were sig-
nificantly activated. None of these areas were activated in the
contrast of (LOW 1 ILLUSION 1 HIGH) versus REST. This
demonstrated that the effects of illusion and vibration were asso-
ciated with different sets of cortical fields. The activity in motor
areas SMA, CMAc, PMd, and 4a was associated with the illusion
of kinesthesia. This was in contrast to our hypothesis that somat-
sosensory areas should be active when kinesthetic illusions were
experienced.

Vibration of the left biceps tendon at 70 or 80 Hz (ILLUSION)
elicited a vivid kinesthetic illusion of arm extension in all subjects,
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Figure 2. The main effects of vibration. Common active fields were obtained from (LOW 1 ILLUSION 1 HIGH) versus REST. The fields were
superimposed on the standard brain. A, Horizontal section at z 5 160. Contralateral activation occurred in the postcentral gyrus (SI ). Area 4a, PMd,
SMA, and CMAc were not activated. B, Horizontal section at z 5 121. Bilateral activation occurred in the parietal operculum (PO). C, Horizontal
section at z 5 114. Contralateral activations occurred in the frontal operculum (FO), extending into the insular cortex. D, Coronal section at y 5 227,
showing bilateral activations of the parietal operculum (PO).
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whereas 10 Hz (LOW) and 220 or 240 Hz (HIGH) did not. The
stimulus conditions were matched for attention, inasmuch as
the subjects in all three conditions were requested to pay
attention to the feelings coming from the arm. We did not
observe any arm movements or any EMG activity, meaning
that there were no tonic vibration reflexes (Eklund and Hag-
bart, 1966; Tardy-Gervet et al., 1986) in any of the conditions.
The kinesthetic feeling of the subjects at 70 Hz vibrations was
thus a true illusion, because the phenomenon could not be ex-
plained by actual movement of the arm or by any muscular
activity. The vibrator produced a hum having the same frequency
as the vibration. Although the subjects had their ears plugged and
covered by the helmet, a faint hum might have reached their ears.

In the REST condition, however, a hum matching the three
vibration conditions was also presented. The vibration conditions,
however, were not matched for stimulus energy and frequency of
the vibrations. It is unlikely that the differences in stimulus energy
could explain the activations of the somatosensory and motor
cortices. The energy of the 240 Hz stimulus was much higher than
the 70 or 80 Hz stimuli.

Active fields specific for illusion
The contralateral SMA, CMAc, PMd, areas 4a, 4p, 3b, and 1, and
the cortex lining the postcentral sulcus were activated in the
ILLUSION versus REST. The SMA, CMAc, PMd, and area 4a
were significantly more activated when ILLUSION was con-

Table 1. Locations and sizes of significant activations in (LOW 1 ILLUSION 1 HIGH) versus REST

Structures

Coordinates of peak z value
(HBA; Roland et al., 1994)
(mm3)

Volume Peak z valuex y z

Right hemisphere
SI, M1a 230 236 50 1704 4.01
Cytoarchitectonic areas

Area 4p 121
Area 1 256
Area 3b 148

Parietal operculum 240 227 20 816 4.38
Frontal operculumb 238 24 15 616 4.29

Left hemisphere
Parietal operculum 44 234 27 584 3.39

aThe peak was located in the postcentral gyrus. This activation overlapped with cytoarchitectonic areas 4p, 3b, and 1.
Overlaps smaller than 50 mm3 are not shown.
bThis extended into the insular cortex.

Table 2. Locations and sizes of significant activations in the ILLUSION versus REST and (LOW 1
HIGH) versus REST

Structures

Coordinates of peak z
value (HBA; Roland et al.,
1994) (mm3)

Volume Peak z valuex y z

ILLUSION vs REST
Right hemisphere

SI, M1a 232 238 63 3680 5.17
Cytoarchitectonic areas

Area 4a 330
Area 4p 388
Area 3b 191
Area 1 293

SMAb 25 222 49 1000 4.28
Parietal operculum (anterior) 240 228 21 624 4.89

(LOW 1 HIGH) vs REST
Right hemisphere

Anterior cingulatec 22 30 30 640 4.23
Frontal operculumd 238 26 15 952 4.22

aThe peak was located in the postcentral gyrus. This activation overlapped with cytoarchitectonic areas 4a, 4p, 3b, and 1.
Overlaps smaller than 50 mm3 are not shown. This field extended anteriorly into area 6 and posteriorly into the gyri lining
the postcentral sulcus.
bThis was extending into the CMAc.
cThis extended into the left anterior cingulate cortex.
dThis also extended into the right cortex of the insula.
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trasted to the LOW and HIGH conditions. This contrast revealed
no statistically significant differences in rCBF in the cortex lining
the postcentral sulcus and the cortex of the parietal operculum,
thus no indications that these somatosensory regions would be

engaged in the production of kinesthetic illusions. This meant
that the activations of the contralateral SMA, CMAc, PMd, and
area 4a were specific for the 70 Hz vibration and the kinesthetic
illusion. The main effect of vibration, as mentioned, was associ-

Figure 3. Active fields obtained from ILLUSION versus (LOW 1 HIGH). The active fields were superimposed on the standard brain. A, Horizontal
section at z 5 160. The contralateral primary motor cortex (area 4a), postcentral gyrus, PMd, and SMA were activated. B, Sagittal section at x 5 24,
showing SMA and CMAc activation. C, Horizontal section at z 5 160. The significant clusters are white. Engagement of cytoarchitectural areas 4a (red)
and 1 ( green) is shown. Rostrally the activation extends into area 6 (PMd, white). D, Horizontal section at z 5 150. The engagement of cytoarchitectural
area 4p is shown (orange).
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ated with activations in a different set of cortical fields, demon-
strating that the activations of SMA, CMAc, PMd, and area 4a
could not have been attributable to the condition of vibration per
se. It appears consequently that the SMA, CMAc, PMd, and area

4a seem specifically associated with the experience of kinesthetic
illusions.

Perceptual illusions of kinesthesia probably are produced by
the neuronal populations engaged in computation of kinesthesia
under normal conditions. In the visual system, for example, illu-
sory motion has been shown to be associated with activation of
functional areas engaged in computation of correlated motion
(Zeki et al., 1993; Tootell et al., 1995). Stimulation of the SMA
and CMA in awake humans sometimes produces a kinesthetic
illusion (Fried et al., 1991; Lim et al., 1994). The surprising
finding is that the motor areas 4a, PMd, SMA, and CMAc, and
not the somatosensory areas, seem associated with kinesthetic
illusions.

Kinesthesia
Weiller et al. (1996) showed that the SMA, sensorimotor cortices,
and inferior parietal cortex were activated when they flexed and
extended the elbow in normal passive subjects compared with
rest. Their activation in the inferior parietal lobule (coordinates
142, 232, and 20) might have been attributable to the lack of a
sensory control, because this activation was close to our activa-
tions in the right parietal operculum when the ILLUSION was
compared with the REST (240, 228, and 21) (Table 2). However,
when ILLUSION was contrasted to the sensory controls (LOW
1 HIGH), only the activations of the motor areas remained.
Thus, given the data of Weiller et al. (1996) and the appropriate
sensory controls, there is a remarkable correspondence in the
cortical areas active in kinesthesia and during kinesthetic
illusions.

If the motor areas are conveying the illusion of arm movement,
one may ask how the signals set up by vibrating the biceps tendon
reach these areas, and whether the motor areas have any known
role in kinesthesia. Passive movements activate receptors in
joints, receptors in the skin responding to skin stretch and touch,
as well as muscle spindles. Afferents from all these receptors thus
are usually active in microneurographical studies (Vallbo, 1974;
Burke et al., 1988; Edin and Vallbo, 1988, 1990; Edin, 1990, 1992;
Edin and Abbs, 1991; Edin and Johansson, 1995; Vallbo et al.,
1995). Vibration on the tendon of a muscle excites muscle spindle
afferents (Goodwin et al., 1972a,b; Burke et al., 1976; Roll and
Vedel, 1982) and skin mechanoreceptors (Johansson et al., 1982)
but presumably does not activate joint and cutaneous stretch
receptors, making tendon vibration a more specific kinesthetic
stimulus than passive movement.

The afferent activity from skin mechanoreceptors is quite dif-
ferent at 10 and 240 Hz because only the Pacinians are able to
follow 240 Hz vibration with one impulse per cycle (Johansson et
al., 1982). The afferents from muscle spindles presumably end in
area 3a (Landgren et al., 1967; Landgren and Silfvenius, 1969,
1971; Phillips et al., 1971; Hore et al., 1976; Jones and Porter,
1980; Maendly et al., 1981; Iwamura et al., 1983, 1993). The
muscle spindle primary endings are able to follow 10 and 70 Hz
vibrations in a one-per-cycle manner, but not 240 Hz (Burke et
al., 1976). This means that area 3a should be expected to get the
most afferent input from muscle spindles at 70–80 Hz. Area 4p
was activated in all three conditions of vibration, but area 3a was
not significantly activated in any of the contrasts, giving no
support for an engagement of area 3a from the present data.
Reasons for the lack of area 3a engagement may also be its small
volume (Roland et al., 1997), the variance in the position of the
bottom of the central sulcus, and the small number of cytoarchi-
tecturally mapped brains (Roland et al., 1997).

Table 3. Locations and sizes of significant activations specific to the
illusion [ILLUSION versus (LOW 1 HIGH)]

Structures

Coordinates of
peak z value
(HBA; Roland et
al., 1994) (mm3)

Volume
Peak z
valuex y z

Right hemisphere
M1, SIa 224 232 60 2112 4.85
Cytoarchitectonic areas

Area 4a 437
Area 4p 257
Area 3b 99
Area 1 116

SMAb 24 214 60 664 4.19

aThe peak was located in cytoarchitectonic area 4a. This activation extended
anteriorly into the PMd and posteriorly into areas 4p, 3b, and 1. Overlaps smaller
than 50 mm3 are not shown.
bThis also extended into the ventral part of SMA and the CMAc.

Figure 4. rCBF increases in areas 4a, 4p, 3b, and 1. Mean relative rCBF
for VOIs of cytoarchitectural areas 4a, 4p, 3b, and 1 is shown. The VOIs
were the intersections between these areas and the significant cluster from
the contrast ILLUSION versus REST. White bars represent mean relative
rCBF for HIGH condition; gray bars represent ILLUSION; black bars
represent LOW condition. Error bars indicate SEM. The mean relative
rCBF of these VOIs was then calculated for each PET scan, divided by the
mean of the REST rCBF. The effect of repetition of the same condition
was then removed by calculating the mean rCBF for each condition.
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Area 3a has major connections to areas 4a, 4p, SMA, and
CMA (Huerta and Pons, 1990; Darian-Smith et al., 1993;
Stepniewska et al., 1993). In the ILLUSION condition, one may
then think that the muscle spindle afferent signals are spread to
area 4a, the PMd, the SMA, and CMA. There is some indepen-
dent support for this from single-unit recording in monkeys. First
area 4a (and probably also 4p) neurons fire in response to muscle
stretch (Rosén and Asanuma, 1972; Lemon and Porter, 1976;
Lemon et al., 1976; Wong et al., 1978; Fetz et al., 1980; Lemon,
1981a,b; Tanji and Wise, 1981; Strick and Preston, 1982; Ghosh et
al., 1987; Colebatch et al., 1990; Crutcher and Alexander, 1990;
Picard and Smith, 1992; Aizawa and Tanji, 1994; Widener and
Cheney, 1997). Second, neurons in the SMA and PMd respond to
passive elbow flexions and extensions (Brinkman and Porter,
1979; Wise and Tanji, 1981; Wiesendanger et al., 1985; Wiesen-
danger, 1986; Hummelsheim et al., 1988). Third, many neurons in
the CMA respond to proprioceptive input, such as joint rotation
and muscle stretch (Cadoret and Smith, 1995). If the signals from
the muscle spindles do not reach the motor cortex via area 3a,
another possibility is that area 4a, PMd, SMA, and CMAc were
specifically activated by thalamocortical afferents from the VLo
and VPLo nuclei, which project to area 4a, PMd, SMA, and
CMA (Horne and Tracy, 1979; Lemon and van der Burg, 1979;
Asanuma et al., 1980; Schell and Strick, 1984; Brinkman et al.,
1985; Greenan and Strick, 1986; Holsapple et al., 1991; Darian-
Smith and Darian-Smith, 1993). We cannot exclude this on the
basis of the present data. What speaks against this hypothesis is
the lack of cerebellar, basal ganglia, and thalamic activations in
the present study. What according to the present data seems to be
the most plausible interpretation is that the character of the
afferent signals at 70 Hz vibration of the tendon is such that area
4a, PMd, CMAc, and SMA are recruited either by afferent input
via 3a or from subcortical sources when the subjects experience
the kinesthetic illusion.
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