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We report experiments combining assessment of spatial tactile
discrimination behavior and measurements of somatosensory-
evoked potentials in human subjects before and after short-term
plastic changes to demonstrate a causal link between the degree
of altered performance and reorganization. Plastic changes were
induced by a Hebbian coactivation protocol of simultaneous pair-
ing of tactile stimuli. As a result of coactivation, spatial discrimi-
nation thresholds were lowered; however, the amount of discrim-
ination improvement was variable across subjects. Analysis of
somatosensory-evoked potentials revealed a significant, but also
variable shift in the localization of the N20-dipole of the index
finger that was coactivated. The Euclidean distance between the
dipole pre- and post-coactivation was significantly larger on the
coactivated side (mean 9.13 = 3.4 mm) than on the control side
(mean 4.90 = 2.7 mm, P = 0.008). Changes of polar angles indicated
a lateral and inferior shift on the postcentral gyrus of the left
hemisphere representing the coactivated index finger. To explore
how far the variability of improvement was reflected in the degree
of reorganization, we correlated the perceptual changes with the
N20-dipole shifts. We found that the changes in discrimination
abilities could be predicted from the changes in dipole localization.
Little gain in spatial discrimination was associated with small
changes in dipole shifts. In contrast, subjects who showed a large
cortical reorganization also had lowest thresholds. All changes
were highly selective as no transfer to the index finger of the
opposite, non-coactivated hand was found. Our results indicate
that human spatial discrimination performance is subject to im-
provement on a short time scale by a Hebbian stimulation protocol
without invoking training, attention, or reinforcement. Plastic
processes related to the improvement were localized in primary
somatosensory cortex and were scaled with the degree of the
individual perceptual improvement.

N oninvasive imaging techniques used to explore cortical reor-
ganization in human subjects revealed that improvement of
behavioral performance following extensive use or training is
paralleled by substantial changes of cortical representations (1-7).
These findings confirmed the relevance of cortical plasticity for
everyday life; however, it remains open how far differences in the
magnitude of reorganizational changes can explain individual dif-
ferences in learning-induced changes of performance. Specifically,
there is a controversy in how far the variability of improvement is
reflected in the degree of reorganization. Here, we report exper-
iments combining simultaneous assessment of spatial tactile dis-
crimination behavior and measurements of somatosensory-evoked
potentials (SSEPs) before and after short-term plastic changes to
demonstrate a close link between altered performance and reor-
ganization in primary somatosensory cortex.

To induce cortical reorganization without invoking training or
cognitive factors such as attention or reinforcement, we recently
introduced a coactivation protocol to follow closely the idea of
Hebbian learning. Synchronous neural activity, necessary to
drive plastic changes, was generated by the simultaneous, asso-
ciative pairing of tactile stimuli (8, 9). From a number of animal
studies, the importance of temporally correlated inputs and the
characteristics of the input statistics have been hypothesized to
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play a key role in mediating plastic changes (10-20). In fact, since
Hebb (21), and even since James (22), the aspect of simultaneity
has become a metaphor in neural plasticity. A few hours of
coactivation resulted in selective and reversible reorganization
of receptive fields and cortical maps in somatosensory cortex of
adult rats (8). In human subjects, coactivation induced a revers-
ible discrimination improvement (8, 9). Here, we report coac-
tivation experiments designed to study the relationship between
rapid perceptual changes and parallel changes in SSEP mapping
of the human somatosensory cortex.

Methods

Psychophysical Tests. We tested 16 right-handed subjects between
20 and 34 years of age in a two-alternative forced-choice
simultaneous spatial two-point discrimination paradigm (8, 9).
Seven pairs of needles (diameter 200 microns) with separation
distances of 0.7, 1.0, 1.3, 1.6, 1.9, 2.2, and 2.5 mm were used. In
addition, zero distance was tested with a single needle. The
needles were mounted on a rotatable disk that allowed to switch
rapidly between distances. To accomplish a rather uniform and
standardized type of stimulation, the disk was installed in front
of a plate that was movable up and down. The arm and fingers
of the subjects were fixated on the plate, and the subjects were
then asked to move the arm down. The down movement was
arrested by a stopper at a fixed position above the needles. The
test finger was held in a hollow containing a small hole through
which the finger came to touch the needles approximately at the
same indentations in each trial (9). Each distance of the needles
was tested 10 times in randomized order, resulting in 80 single
trials per session, which lasted about 15 min. The subject had to
decide immediately if he had the sensation of one or two tips by
answering “one” or “two.” In every subject, the index finger of
the right hand was tested (test finger), and the index finger of the
left hand served as control (control finger). The subject’s
responses were summed and plotted against tip distance as a
psychometric function for absolute threshold, fitted by a binary
logistic regression (spss for Windows 10.0.7). Threshold was
taken from the fitted curve at that distance for which a level of
50% correct responses was reached.

To obtain a stable base line, we tested the subjects on five
consecutive sessions over several days before coactivation was
applied. At the fifth session, after assessment of discrimination
performance of both the test and the control finger (precondi-
tion), the coactivation protocol was applied to the right (test)
index finger. Discrimination performance was retested immedi-
ately after termination of the coactivation protocol (postcondi-
tion). Coactivation was initiated about 30 min after the fifth
session, and retesting (session 6) was resumed about 30 min after
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termination of coactivation. In subjects that underwent SSEP
mapping, about 90 min were spent for electrode placement and
SSEP recordings between sessions 5 and 6 (precondition), and
about 30 min for SSEP recordings after session 6 (postcondi-
tion). Assessment of discrimination performance of the test
finger was repeated on two consecutive sessions 24 and 48 h after
termination of coactivation to study stability and reversibility of
performance.

Coactivation. The coactivation protocol was the same as in our
previous studies (8, 9). Stimuli were presented at different
interstimulus intervals between 100 and 3,000 ms in pseudoran-
domized order; average stimulation frequency was 1 Hz, and
duration of each pulse was 10 ms. Pulses were recorded on tape
and were played back via portable tape recorders allowing
unrestrained mobility of the subjects during coactivation. Sub-
jects were instructed not to attend the stimulation. In fact, all
subjects resumed their normal day of work. To apply coactiva-
tion, a small solenoid with a diameter of 8 mm was mounted to
the tip of the right index finger and transmitted the tactile stimuli
of the coactivation protocol to the skin. The solenoid allowed
simultaneous stimulation of the skin portions of the index finger
under the solenoid, leading to coactivation of all receptive fields
within this area (9); for an estimate of receptive field sizes of the
human index finger, see ref. 23. According to these data,
receptive fields within 8 mm of the tip of the index finger overlap
partially or are nonoverlapping. The basic idea behind this design
was to coactivate in a Hebbian manner a large number of
receptive fields to strengthen their mutual interconnectedness.
Coactivation stimuli were applied at suprathreshold intensities.
Duration of coactivation was 3 h.

SSEP Measurements. In addition, in 10 of 16 subjects, we per-
formed an SSEP mapping after electrical stimulation of each
index finger (n = 10) and of the right hand thumb (n = 5). The
subjects were mapped before and immediately after coactiva-
tion. Additionally, in four subjects the mapping was repeated
24 h after coactivation for assessment of reversibility. Stimula-
tion was performed with ring electrodes by using a Digitimer
Stimulator DS9A, with a pulse duration of 0.1 ms and a
repetition rate of 3 Hz. Stimulation intensity was adjusted to 2.5
above threshold. Recordings were made by using a 32-channel
EEG system (Neuroscan, Sterling, VA) from 32 scalp positions
evenly positioned over both hemispheres according to the 10-20
system. The Fz electrode was used as a reference. To assure
recording from identical locations before and after coactivation,
the electrodes were not removed between the pre- and postre-
cording sessions. In addition, electrode positions were measured
by means of a three-dimensional digitizer (Polhemus, Colches-
ter, VT) to enable a comparison to the mapping performed 24 h
after coactivation.

The electrical potentials (band-pass filtered between 1 and
1,000 Hz, sampling rate of 5,000 Hz) were recorded in epochs
from 30 ms before to 100 ms after the stimulus. A total of 1,600
stimulus-related epochs were recorded for each finger. After
registration, the epochs were digitally filtered (band-pass filter,
20-500 Hz, 24 dB/Oct), referenced to a common average and
averaged by using the Neuroscan software (SCAN 4.1). Further
analysis was done by using the ASA software (ANT, The Neth-
erlands). A source reconstruction for the N20 SSEP component
was performed, based on a single rotating dipole model in a
spherical volume conductor (24). A spherical three-shell head
model was fitted to the exact electrode positions, which were
measured with the three-dimensional digitizer. Coordinates of
the dipole locations were given relative to a three-dimensional
head coordinate system. The origin of this coordinate system was
set at the midpoint of the medio-lateral axis (y axis). The
posterior—anterior axis (x axis) was oriented from the origin to
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Fig. 1. Effects of coactivation on discrimination thresholds (n = 16). Dots

represent mean thresholds, boxes show the standard errors, and whiskers
correspond to the standard deviation. Coactivation period (3 h) is indicated by
an arrow. (Left) Shown are results from five consecutive sessions before
coactivation. After the fifth session (precondition), coactivation was applied.
Testing was continued for two consecutive sessions after coactivation. Note
decrease in thresholds after coactivation (session 6, postcondition, P < 0.005
pre-post), but recovery of effects after 24 h of termination of coactivation
(session 7) with continuation of stable pretest performance. (Right) Discrim-
ination thresholds obtained for the control finger (index finger of the left
hand thatwas not coactivated) onsession 5 (precondition). Note lack of effects
after coactivation of the right index finger (session 6, postcondition), indicat-
ing finger specificity of the coactivation protocol.

the nasion (positive toward the nasion), and the inferior—
superior axis (z axis) was perpendicular to the x—y plane (positive
toward the vertex). Additionally, maximal dipole strength and
the goodness of fit for the calculated dipole solution were
assessed. Cortical reorganization was determined by computing
the polar angel (referred to the z axis) of the dipole locations and
the Euclidean distance between the dipole locations pre- and
post-coactivation.

All psychophysical and electrophysiological data were statis-
tically analyzed by using ANOVA or Student’s paired ¢ test.

Results

Psychophysical Effects of Coactivation. To obtain a stable level of
discrimination performance, we tested the subjects on five
consecutive sessions over several days. Only after reaching a
stable criterion of performance (ANOVA sessions s1-s5: F =
0.011, P = 0.919), the coactivation protocol was applied (Fig. 1).
Very rarely, subjects showed unusually large fluctuations in
performance during the initial sessions. If this was the case, the
subjects were excluded from further experiments. In agreement
with previous findings (8, 9), discrimination thresholds were
reduced after coactivation (ANOVA: F = 8.887, P = 0.009;
pre-post difference post hoc P < 0.005, Fig. 1). Psychometric
functions for an individual subject before and after coactivation
are shown in Fig. 2, showing a distinct shift toward smaller
separation distances after coactivation. Assessment of thresholds
24 and 48 h after coactivation revealed normal, pre-coactivation
thresholds, confirming reversibility of the changes (Figs. 1 and
2). As a control, and to demonstrate the local specificity of the
coactivation-induced changes, we measured discrimination
thresholds of the index finger of the left hand, which was not
coactivated. In agreement with our previous studies, thresholds
remained unchanged (Fig. 1).

SSEP Mapping. In addition, in 10 of the 16 subjects tested
psychophysically, we performed a SSEP mapping after electrical
stimulation of the index fingers of both hands and in five subjects
of the thumb of the right hand. The discrimination thresholds of
the 10 subjects before and after coactivation were in the same
range as those described above for the total of 16 subjects. Mean
threshold reduction after coactivation was 0.20 mm for the entire
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Fig. 2. Psychometric functions illustrating the coactivation-induced im-

provement of discrimination threshold for an individual subject. Correct
responses ("‘two’’) in percent (®) are plotted as a function of separation
distance together with the results of a logistic regression line. (Top) Session 5,
precondition before coactivation. (Middle) Session 6, postcondition immedi-
ately after coactivation. (Bottom) Session 7, recovery assessed after 24 h of
termination of coactivation. 50% level of correct responses is indicated. After
coactivation there is a distinct shift in the psychometric functions toward
lower separation distances, an improvement that recovers 24 h after
coactivation.

population and 0.21 mm for the subpopulation undergoing
additional SSEP measurements. The values correspond to an
improvement of 12.6 and 13.5%, respectively (differences sta-
tistically not significant).

To study changes in the digit representations of the primary
somatosensory cortex, we calculated the N20-dipole locations
before and after coactivation obtained from SSEP mapping
following electrical stimulation of the fingers. Individual SSEP
maps obtained for the subject, whose discrimination perfor-
mance is shown in Fig. 2, are illustrated in Fig. 3. The clear
coactivation-induced shift of the dipole location was confirmed
quantitatively by pooling the data from all subjects tested. For
the index finger of the right hand that underwent coactivation,
we found that the Euclidean distance between the dipole pre-
and post-coactivation was significantly larger on the coactivated
side (mean 9.13 = 3.4 mm) than the pre-post distance on the
control side (mean 4.90 = 2.7 mm; P = 0.008, n = 10). In
addition, in the left hemisphere, the polar angle of the N20-
dipole locations of the coactivated index finger increased after
coactivation (pre, 24.6° £ 4.6° vs. post, 28.4° = 6.0°; P < 0.0005,
n = 10). In contrast, after coactivation, no changes of the polar
angle of the N20-dipole locations of the control finger were
found in the right hemisphere (pre, 29.9° = 16.5° vs. post, 29.2°
+ 14.7°; P = 0.43). These results indicate a lateral and inferior

Pleger et al.

Fig. 3. Example of SSEP mapping. (Upper) Comparison of the N20-dipole
before and after coactivation obtained in the same subject whose psycho-
metric functions are shown in Fig. 2. A spherical head model was used. The
points symbolize the electrodes, and the arrow indicates the position and the
orientation of the dipole (viewed from the top). (Lower) Distribution of
electrodes.

shift on the postcentral gyrus of the left hemisphere representing
the coactivated index finger, but no changes on the contralateral
hemisphere (Fig. 4). In addition, we found a significant change
in dipole strength that increased on the coactivated hemisphere
from 3.03 £ 1.3 nAm pre-coactivation to 3.99 = 1.1 nAm
post-coactivation (P = 0.014, n = 10). In contrast, on the
contralateral side the dipole strength showed no changes (4.48 =
2.3 pre vs. 4.04 = 1.8 post; P = 0.58, n = 10). The goodness of
fit pre- and post-coactivation was not changed (goodness of fit
coactivated hemisphere: pre, 96.2 + 1.04%; post, 96.7 + 1.12%;
control: pre, 96.4 = 1.41%; post, 96.9 = 2.04%).

After coactivation of the index finger, the location of the N20-
dipole of the thumb of the right hand showed no changes. The
Euclidean distance of location pre- vs. post-coactivation was 2.9 =
1.1 mm. Similarly, the pre-post difference of the polar angle of the
N20-dipole locations was 0.5° = 0.9° (P > 0.1). However, the mean
Euclidean distance between thumb and index finger was reduced by
5.25 mm (pre, 16.4 mm; post, 11.3 mm; P < 0.05, n = 5), an effect
most likely because of the distinct lateralization of the dipole of the
right index finger. This attraction after coactivation was corrobo-
rated by a reduction of the polar angle between the N20-dipole
location of the thumb and the index finger by 2.7°. Accordingly, as
described for the discrimination experiments, coactivation-induced
changes were highly selective as no transfer either of the improved
performance or of the SSEP changes was found, either to the index
finger of the opposite hand or to the thumb of the same hand.

To assess the reversibility of the dipole changes, we repeated
the SSEP measurements in four subjects 24 h after coactivation
for the index finger of both hands. For this subpopulation of
subjects, the polar angle of the N20-dipole location of the
coactivated finger was 25.5 * 5.6° pre-coactivation, 30.7 * 7.8°
after coactivation, and 26.3 * (0.8° 24 h after coactivation (cf. Fig.
4B). The values observed for the control finger 24 h after
coactivation were in the same range as for the pre and post
sessions. This result implies that the coactivation-induced
changes of the N20-dipole locations were fully reversible, thereby
paralleling the reversibility observed for the discrimination
improvements after 24 h after coactivation.

Correlation Between Perceptual and SSEP Changes. Perceptually, the
tactile coactivation protocol used in our study resulted in an
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Fig. 4. (A) Schematic projection of the average
locations (n = 10) of the single equivalent N20-
dipoles of the index fingers pre-coactivation (blue
symbols) and post-coactivation (red symbols) onto an
axial (Left) and a coronar MR slice (Right) of an
individual subject. The average difference (pre-post)
for the Euclidean distances of the N20 of the index
finger of the coactivated and of the control hemi-
sphere are shown (Left). (Right) The average posi-
tions of the N20-dipoles are given by the polar angles
showing a coactivation-induced shift toward the lat-
eral and inferior aspects of the postcentral gyrus. A

comparable effect is lacking on the non-coactivated
hemisphere. (B Left) Effects of coactivation on the
polar angle of the N20-dipole referred to the z axis
recorded in the left hemisphere after electrical stim-
ulation of the right index finger. Dots represent
angles, boxes show the standard errors, and whiskers
correspond to the standard deviation. Coactivation
period (3 h) isindicated by an arrow. Note increase of
angle after coactivation (P < 0.005), but recovery
after 24 h of termination of coactivation. (Right)
Euclidean distance between the N20-dipole location
before and after coactivation for the test and the
control finger (hemispheric difference, P < 0.05).
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overall improvement in all subjects tested, although the amount
of improvement was variable throughout the individuals. Simi-
larly, the amount of dipole shifts observed varied individually.
Under the assumption that SSEP changes reflect changes in
cortical processing causally related to the processing of infor-
mation and the discrimination behavior, we hypothesized that
the shifts in dipole localization should correlate with the changes
in individual performance. A linear correlation analysis (Pear-
son) revealed a significant relation between the coactivation-
induced shift of the dipole as expressed by the Euclidean
distance (left-right normalized) and the parallel improvement in
two-point discrimination ability (» = 0.8442, P = 0.002, n = 10;
Fig. 5 Right). A comparable correlation was found for the
coactivation-induced changes of the polar angles (r = 0.765, P =

post — pre [deg]
T A IR

polar angle N20 dipole

(=

0,3 04

Note lack of effects indicating finger specificity of
the coactivation-evoked SSEP changes.

0.01, n = 10; Fig. 5 Left). Accordingly, little gain in spatial
discrimination abilities was associated with small changes in
dipole shifts. On the other hand, those subjects who showed a
large cortical reorganization also had the lowest thresholds.
Remarkably, we did not encounter a single case in which this rule
did not apply (Fig. 5).

Discussion

Our results indicate that the degree of perceptual improvements
evoked by a short-term learning paradigm could be predicted from
the parallel shifts of SSEP dipole localization. Several human
studies have demonstrated that long-term perceptual training or
attentional shifts reorganize human somatosensory cortex (25-30).
However, although these studies demonstrated that the type of
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Fig. 5.

Correlation between the coactivation-induced changes of (Left) polar angles (pre-post) and the changes of two-point discrimination thresholds for

individual subjects (r = 0.765, P = 0.01), and (Right) between Euclidean distances (normalized to left-right) and threshold changes (r = 0.844, P = 0.002). Large
gain in spatial discrimination abilities was associated with large dipole shifts and vice versa. Intermediate improvement correlates with intermediate cortical

reorganization.
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reorganizational changes were specific to the type of perceptual
task, a strict correlation between individual gain in improvement of
performance and amount of reorganization has so far not been
shown. On the other hand, in studies on phantom-limb pain, a
significant relation between the amount of cortical reorganization
and the magnitude of phantom limb pain was revealed (31). In
stroke patients, a correlation between neurophysiological changes
and the improvement of disability after stroke has been described
(32). In patients suffering from multiple sclerosis, a close relation-
ship between the burden of disease and the motor cortex reorga-
nization was found (33), indicating that the degree of cortical
maladaptations is related to the degree of associated changes of
behavior. Several years ago, animal studies implied a close link
between altered performance and cortical reorganization. Adult
owl monkeys trained in a frequency discrimination task over several
months showed a significant reduction of frequency discrimination
thresholds (34). Most notable, there was a significant correlation
between the enlargement of cortical territory representing the skin
surface stimulated during training and the improvement in perfor-
mance, indicating a close relationship between cortical and per-
ceptual changes (35). Similarly, monkeys trained for several weeks
to discriminate small differences in the frequency of sequentially
presented tonal stimuli revealed a progressive improvement in
performance with training. Inspection of the parallel cortical
reorganization revealed that an increase in the cortical area of
representation of a restricted frequency range in primary auditory
cortex was correlated with the animal’s performance (36).

On the other hand, for passively stimulated hands, only modest
increases in topographic complexity were recorded, indicating
that attention was mandatory (35). In contrast, in the coactiva-
tion studies, a clear effect on cortical as well as on perceptual
levels could be observed despite the fact that attention has not
been involved (8, 9). In the human discrimination experiments,
subjects were instructed not to attend the stimulation. In fact,
during the several hours of coactivation, all subjects continued
their normal business work. Conceivably, the engagement in
normal day work had not been possible without the simultaneous
attentive engagement in other perceptual and motor tasks. One
explanation is that during the coactivation protocol, which was
on average applied at a rate of 1 Hz for 3 h, selected skin regions
were stimulated about 10,000 times. This is a much stronger
stimulation in terms of stimulus number per time as the monkeys
received (500 to 700 per day) during the passive discrimination
training (35). Conceivably, the intensity of the stimulation
protocol might be the crucial factor responsible for its effective-
ness. By the same token, the high stimulation number required
to drive changes makes it unlikely that the initial training phase
consisting of only 80 stimuli per session had a reorganizational
effect. Interestingly, coactivation of only 30 min (equivalent to
about 1,800 stimuli) had no effect on thresholds (9), supporting
the crucial role of high stimulation numbers.

The described lateralization of the N20 dipole after coactiva-
tion is compatible with an enlargement of cortical territory as
frequently described for animal studies (7, 29, 35, 36). The
observed increase in dipole strength provides a rather direct
proof for an enlargement of the index finger representation after
coactivation. Further evidence for a coactivation-induced en-
largement in primary somatosensory cortex comes from func-
tional MRI studies in humans (37).

Human N20-dipoles obtained for finger stimulation have been
shown to be localized in area 3b of the primary somatosensory
area (38, 39). In contrast, response components later than N20
are most probably because of activation originating in areas 1, 2,
3a, and 4 (39). As to the localization accuracy, a source recon-
struction based on recordings from 61 scalp electrodes revealed
a mean standard deviation of the dipole locations of 2.6 mm for
a three-shell model (40). Using 32 electrodes instead of 19
improved the localization by 2.7 mm, whereas using 63 electrodes
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instead of 32 lead to improvements of less than 1 mm (41). We
therefore conclude that the changes of the Euclidean distance we
observed pre-post coactivation for the control finger are well
within the range of normal scatter (cf. Fig. 4B).

In rats, coactivation resulted in an increase of receptive field
size (8). Assuming that coactivation results in comparable
changes in man and rat, the enhancement of the discrimination
performance and the increase of receptive field size seem to be
contradictive. However, discrepancies between perceptual
thresholds and single neuron properties are not a new finding.
For example, hyperacuity cannot be explained based on concepts
of receptive field sizes of single cells (42). Coactivation-induced
plasticity included an enlargement of receptive fields, accompa-
nied by an increase of receptive field overlap and an enlargement
of the representational maps. The latter reflects an increase of
the total number of neurons activated by the stimulation and thus
a recruitment of processing resources. It seems reasonable that
all changes in concert enable cortical networks to perform a
faster and more elaborate processing of information (29).

From a theoretical point of view, the “coarse coding” principle
(43-45) has been used to explain high resolution performance by
a population of neurons with broad tuning characteristics. Given
sufficient overlap between tuning curves, each desired resolution
can be achieved. Computer simulation based on our electro-
physiological rat data predicted a reduction in discrimination
threshold by about 15% (46). The coarse coding principle is a
variant of the more general population coding approach, assum-
ing that it is not the property of a single cell that determines
behavior. Instead, neural population analysis implies that large
ensembles of neurons contribute to the cortical representation of
sensory or motor parameters (47-49). In our psychophysical
experiments, we did not test for localization abilities. Evidence
for a tradeoff between localization and discrimination was
provided in a study of Braille readers (50). Conceivably, spatial
discrimination performance might benefit from enlarged recep-
tive fields on the cost of localization performance.

Our results support the crucial role of primary sensory areas
in mediating perceptual consequences of plastic changes. This
view is in line with recent findings from perceptual learning
experiments, which are typically characterized by a high speci-
ficity to stimulus parameters such as location of a stimulus with
little generalization of what is learned to other locations or to
other stimulus configurations. Selectivity and locality of this type
implies that the underlying neural changes are most probably
occurring within early cortical representations that contain
well-ordered topographic maps to allow for this selectivity, but
where generalization for spatial location and orientation has not
yet occurred. In addition, a transfer of the newly acquired
abilities is often considered an important marker of that pro-
cessing level at which changes are most likely to occur. Limited
generalization is taken as evidence for high locality of effects in
early representations. In contrast, transfer of learned abilities is
taken as evidence for the involvement of higher processing levels
as is often observed in task and strategy learning. There is in fact
increasing evidence that changes in early cortical areas might be
more directly linked to perceptual learning than previously
thought (34, 35, 51-54).

Combined, we show that human spatial discrimination perfor-
mance is subject to improvement within a few hours by a purely
Hebbian coactivation protocol without invoking training or atten-
tion or reinforcement. As a result, spatially highly specific plastic
processes localized in primary somatosensory cortex are induced
that are scaled to the degree of perceptual improvement.
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